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13 Abstract

14 Biofuels and other biologically manufactured sustainable goods are growing in popularity and demand.
15 Carbohydrate feedstocks required for industrial fermentation processes have traditionally been
16 supplied by plant biomass, but the large quantities required to produce replacement commodity
17 products may prevent the long-term feasibility of this approach without alternative strategies to
18 produce sugar feedstocks. Cyanobacteria are under consideration as potential candidates for
19 sustainable production of carbohydrate feedstocks, with potentially lower land and water requirements
20 relative to plants. Several cyanobacterial strains have been genetically engineered to export significant
21 quantities of sugars, especially sucrose. Sucrose is not only naturally synthesized and accumulated by
22 cyanobacteria as a compatible solute to tolerate high salt environments, but also an easily fermentable
23 disaccharide used by many heterotrophic bacteria as a carbon source. In this review, we provide a
24 comprehensive summary of the current knowledge of the endogenous cyanobacterial sucrose synthesis
25 and degradation pathways. We also summarize genetic modifications that have been found to increase
26 sucrose production and secretion. Finally, we consider the current state of synthetic microbial consortia
27 that rely on sugar-secreting cyanobacterial strains, which are co-cultivated alongside heterotrophic
28 microbes able to directly convert the sugars into higher-value compounds (e.g., polyhydroxybutyrates,
29 3-hydroxypropionic acid, or dyes) in a single-pot reaction. We summarize recent advances reported in
30 such cyanobacteria/heterotroph co-cultivation strategies and provide a perspective on future
31 developments that are likely required to realize their bioindustrial potential.

32 1 Introduction

33 Product generation through heterotrophic microbial fermentation has been successfully used as an
34 alternative approach to classical chemical processes using petroleum-based feedstocks (Blombach et
35 al., 2022). However, bioindustrial chemical production by bacterial fermentation is still not
36 economically competitive for many commodity products due in part to the high costs associated to the
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37 carbon substrates used for these organisms (Lee et al., 2022). Extensive research efforts have been
38 expended to identify new plant species or to improve biomass processing technologies and increase
39 the yield of fermentable sugars from plant feedstocks (e.g., improving carbohydrate recovery from
40 cellulosic materials) (Sun et al., 2022) and to overcome other land-use problems of plant-based
41 feedstocks (Das and Gundimeda, 2022). Thus, there is an increased interest on the search for
42 alternative, economical and environmentally sustainable sources as carbohydrate feedstocks.

43 Cyanobacteria and microalgae have attracted more attention in the last few years as an alternative
44 supply for carbohydrates to support industrial fermentative processes (Hays and Ducat, 2015;Santos-
45 Merino et al., 2019). In comparison with plants, cyanobacteria and algae can tolerate many water
46 supplies that are unsuitable for agriculture (Santos-Merino et al., 2019;Catone et al., 2021), reducing
47 their competition with food crops for the limited supply of arable land and freshwater. Microalgae and
48 cyanobacteria are generally easier to manipulate genetically, have rapid division times, and can achieve
49 higher efficiencies of solar energy capture and conversion (Santos-Merino et al., 2019). Relative to
50 microalgae that tend to store excess carbon in the form of lipids or starch (Scott et al., 2010),
51 cyanobacteria normally accumulate carbon reserves in polysaccharides and frequently sucrose as a
52 compatible solute (osmolyte) in high-salt environments or under other abiotic stress (Klähn and
53 Hagemann, 2011;Kirsch et al., 2019;Sanz Smachetti et al., 2020). Sucrose metabolism and its
54 regulation has been amply studied in cyanobacteria (Kolman et al., 2015;Kirsch et al., 2019), while the
55 activity and regulation of sucrose metabolism factors has received less attention in microalgae
56 (Radakovits et al., 2010;Hagemann, 2016). The increasing knowledge on the synthesis and regulation
57 of sucrose not only improves our understanding of these pathways but will also be useful for genetically
58 engineering them for future biotechnological applications.

59 A number of cyanobacterial species have been effectively engineered to produce and secrete large
60 amounts of sucrose by taking advantage of cyanobacterial sucrose biosynthesis pathways and
61 heterologous co-expression of sucrose permease (CscB, Ducat et al., 2012;Du et al., 2013;Abramson
62 et al., 2016;Kirsch et al., 2018;Lin et al., 2020a) to export sucrose from the cell. In addition to batch
63 cultures, there are increasing examples of real-time conversion of the carbohydrate feedstock through
64 the direct co-culture of microbial partner strains that metabolize the secreted bacterial sucrose to
65 higher-value products (Smith and Francis, 2016;Hays et al., 2017;Löwe et al., 2017;Weiss et al.,
66 2017;Fedeson et al., 2020;Hobmeier et al., 2020;Zhang et al., 2020;Ma et al., 2022;Kratzl et al., 2023),
67 potentially bypassing the costly processes of purifying and concentrating sucrose (Radakovits et al.,
68 2010). However, to further use these synthetic light-driven microbial consortia in industrial
69 applications, a number of challenges need to be overcome, such as long-term production stability,
70 vulnerability to invasion by opportunistic microbial or viral contaminants, and imbalances in attributes
71 of consortia that can contribute to inefficiencies (Hays and Ducat, 2015;Gao et al., 2022).

72 This review focuses on the current knowledge of the sucrose synthesis and degradation pathways in
73 cyanobacteria as well as the list of genetic modifications in sucrose metabolic pathways that have been
74 found to increase the production and secretion of this sugar. While other sugars can be produced
75 phototrophically from cyanobacteria (e.g., glucose, fructose, or polysaccharides) (Niederholtmeyer et
76 al., 2010;Arias et al., 2021), sucrose has been the highest yielding carbohydrate reported and is the
77 main focus of this review. We highlight some unresolved questions for additional study on fundamental
78 cyanobacterial sucrose metabolism and the utilization of these pathways for bioproduction. Finally, we
79 examine the current state of synthetic microbial consortia that capitalize upon the carbon fixation that
80 photoautotrophs like cyanobacteria are uniquely able to provide.

81 2 Cyanobacterial sucrose metabolism
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82 2.1 Sucrose biosynthesis pathway

83 Sucrose is a disaccharide [α-d-glucopyranosyl(1→2)β-d-fructofuranoside], whose synthesis pathway
84 appears to be nearly universal among cyanobacteria, as predicted by the presence of sucrose synthesis
85 genes in most of the known genome sequences available so far (Kolman et al., 2015;Kirsch et al., 2019)
86 (Supplementary Table S1). Sucrose synthesis lies close to the core of central carbon metabolism, with
87 substrates directly derived from the Calvin-Benson-Bassham (CBB) cycle and its immediate
88 downstream products (Figure 1). The light reactions of photosynthesis generate NADPH and ATP,
89 which are used in the CBB to fix CO2 and yield glyceraldehyde-3-phosphate (GAP). GAP can be
90 interchangeably converted to dihydroxyacetone phosphate (DHAP), and the condensation of GAP and
91 DHAP through the activity of the enzyme fructose 1,6-bisphosphate aldolase (FBA), leads to the
92 formation of fructose 1,6-bisphosphate (FBP). FBP is then further transformed into other hexose
93 phosphates, such as fructose 6-phophate (F6P) and glucose 6-phosphate (G6P). G6P can be used to
94 form nucleotide sugars such as uridine diphosphate glucose (UDP-Gluc).

95      Sucrose is most commonly synthesized from these CBB products in a two-step reaction by the
96      sequential activity of two enzymes, sucrose phosphate synthase (SPS) and sucrose phosphate
97      phosphatase (SPP) (Figure 1). NDP-Gluc is combined with F6P to form sucrose 6-phosphate (S6P) in
98      a reaction catalyzed by SPS. S6P is then dephosphorylated by SPP to sucrose, concluding the sucrose
99      biosynthesis pathway. The rapid irreversible hydrolysis of S6P by a specific and high-activity SPP

100      drives the reversible reaction catalyzed by SPS towards the direction of sucrose synthesis, even at low
101      substrate concentrations (Lunn and ap Rees, 1990). An alternative route for sucrose synthesis is
102      catalyzed by the enzyme sucrose synthase (SuS), which binds UDP/ADP-Gluc with fructose to produce
103      sucrose (Porchia et al., 1999) (Figure 1). While SuS is able to catalyze the synthesis of sucrose, cellular
104      energetics are such that SuS is thought to be solely involved in sucrose cleavage in vivo (Curatti et al.,
105      2002). SuS is ubiquitous across plant species, in contrast with cyanobacteria, where its occurrence is
106 not widespread (Salerno and Curatti, 2003).

107 Sucrose phosphate synthase (SPS)

108 SPS catalyzes the first step in the pathway of sucrose synthesis by transferring a glycosyl group from
109 an activated donor sugar, such as UDP-Gluc, to a sugar acceptor F6P, resulting in the formation of
110 UDP and S6P (Figure 1). SPS (EC 2.4.1.14) is a UDP–glucose:d-fructose-6-phosphate 2-α-d-111

glucosyltransferase belonging to the GT-B (glucosyltransferase fold B) type glucosyltransferase family
112 and its secondary structure consists of two distinct Rossmann-fold domains (super-secondary structures
113 composed of consecutive alternating β-strands and α-helices that form a layer of β-sheet with one/two
114 layer/s of α-helices) - a sugar acceptor domain (N-terminal “A-domain”) and a sugar donor domain (C-
115 terminal “B-domain”) (Chua et al., 2008;Lairson et al., 2008). In a recent report, the structure of the
116 SPS from Thermosynechococcus elongatus was resolved, showing that this enzyme has 16 α-helices
117 and 14 β-sheets, with UDP and S6P bound at the interface of the aforementioned A- and B-domains
118 (Li et al., 2020). Whereas plant SPSs are specific for UDP-Gluc, cyanobacterial SPSs are not, and can
119 accept other NDP-Gluc forms as substrates, such as ADP-Gluc and GDP-Gluc (Curatti et al.,
120 1998;Lunn et al., 1999;Gibson et al., 2002). Another difference between cyanobacterial and plant SPSs
121 is that the activity of the latter is regulated by light-dark modulation via reversible phosphorylation
122 (Winter and Huber, 2000;Li et al., 2020).

123 In cyanobacteria, the glucosyltransferase domain (GTD) of SPS contains two motifs that are highly
124 conserved across glucosyl-transferase family enzymes (Figure 2A). Motif I (G-X5-GGQ-X2-Y-X2-EL)
125 is located in the N-terminus of SPS and has been hypothesized to include residues necessary for
126 defining the F6P binding site (Figure 2C, left panel) (Ma et al., 2020). Motif II (E-X7-E) is highly
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127 conserved within the C-terminus of SPS and SuS enzymes; its flanking Glu residues play a catalytic
128 role in the reaction by binding to UDP-Gluc (Figure 2C, left panel) (Cumino et al., 2002;Ma et al.,
129 2020;Kurniah et al., 2021). The first Glu residue of E-X7-E may function as the nucleophile, whereas
130 the second Glu may function as the general acid/base catalyst (Cid et al., 2000). Both Glu residues in
131 motif II are important for SPS activity, as demonstrated by point mutants in the GTD domain (E356A
132 and E364A in SPS7942) of the bidomainal SPS encoded in Synechococcus elongatus PCC 7942
133 (SPS7942; see discussion below on bidomainal proteins) that disrupted sucrose synthesis, specifically
134 preventing S6P formation (Liang et al., 2020).

135 Sucrose phosphate phosphatase (SPP)

136 The reversible reaction catalyzed by SPS is followed by the irreversible dephosphorylation of S6P to
137 sucrose by SPP (Figure 1). SPP (EC 3.1.3.24) is a member of the L-2-haloacid dehalogenase (HAD)
138 superfamily of aspartate-nucleophile hydrolases, belonging to the subfamily IIB that includes SPP from
139 plants and cyanobacteria (Albi et al., 2016). SPP carries out the second step in sucrose synthesis by
140 removing the phosphate group from S6P, forming sucrose (Lunn et al., 2000;Fieulaine et al., 2005).
141 The hydrolytic activity of SPP is specific to S6P, showing little or no activity upon other sugar
142 phosphates, such as F6P, which possesses a nearly identical phosphofructosyl moiety to S6P (Lunn et
143 al., 2000). The mechanistic basis for the specificity of SPP to S6P against F6P appears to be related to
144 the multiple active site contacts to the glucose ring, as revealed by a crystal structure of Synechocystis
145 sp. PCC 6803 (Fieulaine et al., 2005).

146 Although members of the HAD superfamily generally have little overall sequence identity, they are
147 characterized by three conserved motifs (I, II and III) related to the active site of the phosphohydrolase
148 domain (PHD, Fieulaine et al., 2005) (Figure 2A and 2B). All three motifs are highly conserved in SPP
149 proteins among plants, algae, cyanobacteria, and mosses. Structurally, SPP proteins resemble a pair of
150 “tongs” with a ‘core’ domain and a ‘cap’ domain connected by two flexible loop regions that act
151 analogously to hinges between a closed (sucrose bound) and open (no ligand) enzyme state (PHD,
152 Fieulaine et al., 2005). The conserved motifs that contribute to substrate binding line the interface
153 between the two protein domains. Motif I, DXDX[T/V][L/V/I] (Figure 2AB), is the most widely
154 conserved among SPP sequences, and the first Asp is the functional nucleophile, which in the HAD
155 phosphatase is transiently phosphorylated during the catalytic reaction (Collet et al., 1998;Fieulaine et
156 al., 2005). The second Asp located in this motif is implicated in the acid–base catalysis reaction (Collet
157 et al., 1998). Motif II, [S/T]X2, contains a Ser or Thr that is generally neighbored by hydrophobic
158 residues, and functions to bind a phosphoryl oxygen in the substrate, orienting it in the correct position
159 for nucleophilic attack by the first Asp in motif I (Wang et al., 2001). Motif III, KX18-160

30[G/S][D/S]X3[D/N] (Figure 2AB), includes a conserved Lys that stabilizes the phosphorylated Asp
161 intermediate state (Figure 2C, right panel). In addition, the two conserved Asp residues in this motif
162 might form a system to direct water for the hydrolysis of the acyl-phosphate intermediate (Aravind et
163 al., 1998). In a recent publication, the first Asp residue located in the motif I of the SPP domain of the
164 bidomainal SPS7942 was mutated (D473A) (Liang et al., 2020). This substitution inhibited sucrose
165 synthesis, specifically the dephosphorylation of S6P to release sucrose, indicating that the Asp at
166 position 473 is necessary for the SPP activity of the bifunctional SPS from this cyanobacterium.

167 In plants and several cyanobacterial species, the synthesis of sucrose is performed by a bidomainal SPS
168 which encodes fused SPS and SPP domains on the same polypeptide (Curatti et al., 1998;Salerno and
169 Curatti, 2003;Martinez-Noël et al., 2013;Kolman et al., 2015;Li et al., 2020) (Supplementary Table
170 S1). This is in contrast to many other cyanobacterial species where SPS and SPP are not fused, and are
171 encoded by separate genes (Porchia and Salerno, 1996;Cumino et al., 2002;Lunn, 2002). In other
172 words, two different domain arrangements have been described for cyanobacterial SPSs: (i) the
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173 minimal SPS unit with only a glucosyltransferase domain (GTD), found in filamentous cyanobacteria
174 such as Nostoc sp. PCC 7119 (Porchia and Salerno, 1996), Nostoc sp. PCC 7120 (Cumino et al., 2002),
175 and several species of unicellular cyanobacteria belonging to the genus Gloeobacter,
176 Thermosynechococcus, and Acaryochloris (Blank, 2013); and (ii) the two-domain SPS prototype with
177 both a GTD and a PHD, found in unicellular cyanobacteria such as Synechocystis sp. PCC 6803 (Curatti
178 et al., 1998;Lunn et al., 1999), Synechococcus sp. PCC 7002 (Cumino et al., 2010) and S. elongatus
179 PCC 7942 (Martinez-Noël et al., 2013) (Figure 2A and Supplementary Table S1).

180 SPS was first reported in cyanobacteria based on characterization of a single functional GTD encoded
181 in the filamentous cyanobacterium Nostoc sp. PCC 7119 (Porchia and Salerno, 1996). In this strain,
182 two different isoforms of SPS can be found, SPS-I and SPS-II, both with similar molecular masses.
183 The main difference between these two isoforms is their substrate specificity: whereas SPS-I has
184 preference for UDP-Gluc, GDP-Gluc, and TDP-Gluc as substrates; SPS-II only uses UDP-Gluc and
185 ADP-Gluc. It was previously accepted that unidomainal SPS enzymes were restricted to filamentous
186 cyanobacterial species (Salerno and Curatti, 2003), but an extensive BLAST search in cyanobacterial
187 genomes revealed that unidomainal SPSs are widespread in cyanobacteria, being present in species of
188 Gloeobacter, Thermosynechococcus, Acaryochloris, a number of Nostocales, and other filamentous
189 and unicellular cyanobacteria (Blank, 2013) (Supplementary Table S1).

190 The first identification and characterization of cyanobacterial bidomainal SPS was reported in the
191 unicellular cyanobacterium Synechocystis sp. PCC 6803 (Curatti et al., 1998). In independent research,
192 SPS with fused GTD-PHD was also found in Synechococcus sp. PCC 7002 (Cumino et al., 2010). In
193 addition to these species, bidomainal SPSs have been found in at least two filamentous species (Nostoc
194 punctiforme, Nodularia spumigena CCY9414), and several unicellular cyanobacteria (e.g., S.
195 elongatus PCC 7942, Cyanobium sp. PCC 7001, T. elongatus BP-1, several Prochlorococcus spp., and
196 several Synechococcus spp.) (Lunn, 2002;Martinez-Noël et al., 2013) (Supplementary Table S1). Apart
197 from a bidomainal SPS, Synechocystis sp. PCC 6803 has a separately encoded SPP enzyme (Lunn,
198 2002). The PHD of the bidomainal SPS lacks several of the conserved residues involved in the SPP
199 function, including the critical Asp in motif I that is predicted to form an acyl-phosphate intermediate
200 during the phosphatase reaction (Lunn, 2002;Fieulaine et al., 2005) (Figure 2B). Other residues seem
201 to be mutated in the PHD motif III of the bidomainal SPSs (indicated with an asterisk in Figure 2B),
202 although their direct functions in SPP activity have not been described in the literature. The function
203 of the PHD domain in biodomainal SPS is unknown, indeed some have shown these domains lack SPP
204 activity, but it has been proposed that it might be involved in binding to newly synthesized S6P and
205 transferring this molecule from the active site of SPS to the active site of the separately-encoded SPP
206 in a form of metabolite channeling (Fieulaine et al., 2005). The presence of SPPs lacking enzymatic
207 activity has also been reported in plants, where it has been suggested these non-functional protein play
208 additional functions different from their canonical catalytic activity, for example as regulators (Albi et
209 al., 2016).

210 SPP-like proteins

211 As previously discussed, SPP belongs to the class IIB subfamily of the HAD superfamily. Analysis of
212 several cyanobacterial genomes revealed the existence of genes encoding homologous proteins of SPP
213 (including some species encoding two or more distinct copies), but which have not been classified as
214 SPP due to key distinctions in conserved domains. These SPP-like proteins are frequently annotated as
215 (putative) HAD-superfamily hydrolases subfamily IIB, and while they contain the three motifs that
216 define SPP (see above) they possess mutations in conserved residues in these motifs that distinguish
217 them from classically defined SPPs (indicated with an asterisk in Figure 3A and Figure 3B). For
218 instance, SPP-like proteins present a conserved Gly in the fourth residue of motif I (Figure 3B) which
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219 is normally poorly conserved among cyanobacterial SPPs (Figure 2B). Conversely, the second residue
220 of motif I is highly conserved as Leu in SPP (Figure 2B) but shows no clear conservation in SPP-like
221 proteins (Figure 3B). Motif II seems to be conserved between SPP and SPP-like proteins, with the
222 exception of the strictly-conserved Tyr residue in SPP which is not conserved in SPP-like proteins
223 (Figures 2B and 3B). In motif III, all cyanobacterial SPPs have SGN as a X3 sequence at the end of
224 this motif (Figure 2B), but SPP-like proteins do not maintain this sequence (Figure 3B). The first and
225 third residues are conserved in most of the cases, but the second residue is not, with Gly substituted by
226 Pro. Other important SPP residues include a Gln and a Lys located between motif II and III, and an
227 Asn located in motif III, all of which are reported to participate in binding to the glucose ring of S6P
228 via hydrogen bonds (Fieulaine et al., 2005) (indicated by asterisks in Figure 3C).

229 Phylogenetic analysis of the SPP-like proteins encoded by cyanobacterial genomes revealed the
230 existence of three main subclasses: (i) the first includes the SPP-like protein of Synechocystis sp. PCC
231 6803 and one of the two SPP-like protein paralogs encoded in the genome of members of the order
232 Nostocales (among others); (ii) the second includes the SPP-like protein of S. elongatus PCC 7942 and
233 the second of the two SPP-like protein paralogs encoded in the genome of members of the order
234 Nostocales, and; (iii) SPP-like proteins that dominate in marine cyanobacteria, such as
235 Prochlorococcus spp. (Figure 4 and Supplementary Figure S1). In contrast to the conserved SPP-like
236 subclasses, plant enzymes with verified SPP activity cluster closely to cyanobacterial classic SPPs
237 (Figure 4 and Supplementary Figure S1). For instance, the genome of Arabidopsis thaliana codifies
238 four SPP isoforms, three of which exhibit SPP activity of varying catalysis rates, while the fourth one
239 has no detectable activity (Albi et al., 2016). It has been suggested that the presence of SPP members
240 with low/inactive catalytic activity might have regulatory functions instead (Albi et al., 2016), as it has
241 been proposed for one of these SPP isoforms in sorghum seed germination (Jiang et al., 2015).

242 While canonical SPP proteins have been well reported in the literature, there exists much less direct
243 evidence regarding the function of the SPP-like proteins. Only one member of the HAD subfamily IIB
244 SPP-like proteins has been described in the literature, the enzyme BT4131 from the strictly anaerobic
245 protobacteria, Bacteroides thetaiotaomicron VPI-5482 (Lu et al., 2005). As in the case of
246 cyanobacterial SPP-like proteins, BT4131 is distantly related to SPP based on the phylogenetic analysis
247 (Figure 4 and Supplementary Figure S1). Substrate docking and biochemical experiments showed that
248 BT4131 exhibited enzymatic activity on S6P and trehalose 6-phosphate, albeit with poor affinity and
249 low rates of catalysis (Lu et al., 2005). Instead, BT4131 showed higher catalytic activity on cyclic
250 hexose 6-phosphates and pentose 5-phosphates. To date, the function of these SPP-like proteins in
251 cyanobacteria is unknown. One speculative possibility is that cyanobacterial SPP-like proteins play
252 regulatory roles akin to those proposed for some plant homologs. However, it is equally possible that
253 the aforementioned residue changes may influence or abolish the catalytic activity on S6P in these
254 SPP-like proteins, or perhaps change their substrates entirely.

255 2.2 Sucrose degradation pathways

256 Sucrose is a compatible solute that is transiently synthesized and accumulated during periods of the
257 salt-stress response across many cyanobacterial species. Catabolism of sucrose is therefore required to
258 recycle the compatible solutes after relaxation of salt stress to avoid a net loss of carbon and energy
259 (Baran et al., 2017). Three enzymes involved in sucrose breakdown have been identified in
260 cyanobacteria: (i) invertase (Inv), which hydrolyzes sucrose directly into glucose and fructose; (ii)
261 amylosucrase (AMS), which catalyzes the conversion of sucrose into fructose and glucose that is often
262 transferred to maltooligosaccharides; and (iii) sucrose synthase (SuS), which uses (A/U)DP to
263 reversibly split sucrose into (A/U)DP-Gluc and fructose (Liang et al., 2020) (Figure 1).
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264 Invertases

265 The most broadly encoded pathway for sucrose degradation in cyanobacteria involves the enzyme Inv
266 (EC 3.2.1.26), which irreversibly hydrolyzes sucrose into the monosaccharides, glucose and fructose
267 (Figure 1 and Supplementary Table S1). Phylogenetic analyses of Inv amino acid sequence data
268 suggest that these enzymes originated from an ancestral Inv and their genes were transferred from
269 cyanobacteria to plants, similarly to genes of other enzymes involved in sucrose metabolism (i.e., SPS
270 and SPP, Vargas and Salerno, 2010). Invs are a large and diverse group of sucrose-cleaving enzymes,
271 which can be classified partially based on their pH optimum: (i) acid Invs (Ac-Invs; β-272

fructofuranosidases) that possess a pH optimum in range from 4.5 to 5, and; (ii) alkaline/neutral Invs
273 (A/N-Invs) which have a more-neutral pH optimum from 6.5 to 8 (Kirsch et al., 2019). A/N-Invs are
274 not considered general β-fructofuranosidases since they are highly specific in catalyzing the cleavage
275 of the α-1,2-glycosidic linkage of sucrose (Vargas et al., 2003;Vargas and Salerno, 2010;Xie et al.,
276 2016;Liang et al., 2020). By contrast, Ac-Invs can cleave sucrose and other β-fructose-containing
277 oligosaccharides such as raffinose and stachyose (Sturm, 1999). Bioinformatic analyses have shown
278 that cyanobacterial genomes only encode A/N-Invs, but not Ac-Invs (Xie et al., 2016;Wan et al., 2018),
279 whereas Ac-Invs can be mainly found in heterotrophic bacteria, yeasts, and plants (Tauzin and
280 Giardina, 2014;Nadeem et al., 2015). In plants, A/N-Invs can be found in the cytosol, mitochondria,
281 and/or in plastids, whereas Ac-Invs are frequently localized to the vacuolar space or bound to the cell
282 wall (Tauzin and Giardina, 2014).

283 Early reports describing the hydrolysis of sucrose by A/N-Inv activity were published in Trichormus
284 variabilis (Schilling and Ehrnsperger, 1985) and in Scytonema spp. (Page-Sharp et al., 1999). In
285 addition, the first isolation and characterization of a cyanobacterial Inv was made in Nostoc sp.
286 PCC 7120 (Vargas et al., 2003), which possesses two A/N-Inv encoded by invA and invB genes
287 (Supplementary Table S1) (Page-Sharp et al., 1999). By insertional inactivation, it has been
288 demonstrated that InvA has a regulatory role controlling carbon flux from vegetative cells to
289 heterocysts (López-Igual et al., 2010). The absence of this enzyme within the vegetative cells affects
290 heterocyst differentiation due to a C/N imbalance in the filament, although it has been also speculated
291 that sucrose or a product of its degradation might be regulating this process (Cumino et al., 2007;Vargas
292 et al., 2011;Ehira et al., 2014). In addition, InvB activity is exclusively related to heterocysts, where it
293 has an important function in heterocyst development, nitrogen fixation, and diazotrophic growth
294 (López-Igual et al., 2010;Vargas et al., 2011;Xie et al., 2018). In a recent report, it was demonstrated
295 that in Synechocystis sp. PCC 6803, the only enzyme responsible for in vivo sucrose degradation is an
296 Inv (Kirsch et al., 2018).

297 Amylosucrases

298 AMS (EC 2.4.1.4) is a glucosyltransferase that catalyzes the hydrolysis of the glycosidic bond in
299 sucrose, leading to the release of glucose and fructose. Then, the released glucose is used to form α-
300 1,4-linked linear insoluble glucans (amylose-like polymers) (Potocki de Montalk et al., 2000) (Figure
301 1). AMS belongs to glycoside hydrolase (GH) family 13 (the α-amylase family), and is organized in
302 five domains: N, A, B, C (common to all proteins to the GH family 13), and an additional special
303 domain called the B′ domain (only found in AMS) (Skov et al., 2001). The A, B, and B′ domains form
304 of an active site pocket, directly related to the activity of AMS (Skov et al., 2001). The first reported
305 AMS in a cyanobacterium was in Synechococcus sp. PCC 7002, where sucrose synthesis genes (sps
306 and spp) are grouped in the same transcriptional unit with fructokinase and AMS encoding genes
307 (Perez-Cenci and Salerno, 2014). In comparison to Inv, it is relatively rare for cyanobacterial species
308 to encode AMS, and the presence of this gene in the genome is frequently associated with the absence
309 of other proteins able to breakdown sucrose (Supplementary Table S1).
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310 Sucrose synthases

311 SuS (EC 2.4.1.13) is a glucosyltransferase that can catalyze both the synthesis and cleavage of sucrose,
312 but appears to be active principally in the cleavage reaction in vivo (Porchia et al., 1999;Curatti et al.,
313 2002) (Figure 1). The reversible cleavage of sucrose yields fructose and ADP-Gluc. SuS activity was
314 first reported in cyanobacteria in T. variabilis ATCC 29413 (Schilling and Ehrnsperger, 1985) and
315 Nostoc sp. PCC 7119 (Porchia et al., 1999). SuS has been mainly found in heterocyst-forming strains,
316 where it seems to play an essential role in the control of carbon fluxes originating form vegetative cells
317 through the cleavage of sucrose in the heterocysts (Porchia et al., 1999;Curatti et al., 2000;Curatti et
318 al., 2002;Curatti et al., 2006;Curatti et al., 2008). Outside of its roles in localizing the breakdown of
319 sucrose in filamentous cyanobacteria, SuS is also reported in several unicellular cyanobacterial strains
320 (Kolman et al., 2012;Figueroa et al., 2013;Tanabe et al., 2019) (Supplementary Table S1). SuS has
321 been implicated in the regulation of glycogen synthesis through its capacity to provide sugar nucleotide
322 substrates (i.e., ADP-Gluc) required for elongation of α-1,4-glucoside chains (Cumino et al.,
323 2002;Cumino et al., 2007), a process that seems to be controlled by nutritional and environmental
324 signals (Curatti et al., 2008).

325 Phylogenetic analysis suggests that a gene duplication of the GTD from a SPS-like gene and an addition
326 of a N-terminal extension gave rise to SuS in most cyanobacteria (Cumino et al., 2002). These events
327 took place before the branching of filamentous heterocyst-forming cyanobacteria. The occurrence of
328 SuS in most-recently radiated cyanobacterial species, such as Gloebacter violaceus PCC 7421 and
329 Microcystis aeruginosa NIES-4325, might be due to a more recent lateral gene transfer event (Blank,
330 2013;Tanabe et al., 2018;Tanabe et al., 2019).

331 3 Roles of sucrose in cyanobacteria

332 3.1 Sucrose as compatible solute

333 Cyanobacteria are ubiquitous organisms distributed widely across habitats and including terrestrial,
334 aquatic, hypersaline waters, salt pans, and extreme environments such as deserts and hot thermal vents
335 (Whitton and Potts, 2002). Cyanobacteria have evolved specific mechanisms to cope with the
336 associated stress conditions of these ecosystems. In aquatic environments, salinity fluctuations are very
337 common due to changes in freshwater inflow by climate, weather, and diurnal tidal currents. High salt
338 concentrations promote loss in cytosolic water availability and increased ion concentrations that be
339 destabilize many biomolecules (Klähn and Hagemann, 2011;Kolman et al., 2015;Kirsch et al., 2019).
340 Cyanobacteria utilize the “salt-out strategy” for osmotic acclimation of the cytoplasm to changing salt
341 concentrations (Pade and Hagemann, 2014). Briefly, the accumulation of small organic molecules
342 called compatible solutes (including sucrose) acts to combat the loss of cytoplasmic water and
343 corresponding drop in turgor pressure that normally accompanies a high extracellular osmotic pressure.
344 In tandem, cyanobacteria engage numerous transporters that act to pump out the continuous influx of
345 inorganic ions (e.g., Na+ and Cl-) that pass through the cell membrane under conditions of high external
346 ionic pressure (Keshari et al., 2019).

347 Compatible solutes are organic molecules with low molecular masses without a net charge, which can
348 accumulate to high (molar) concentrations in the cytoplasm without interfering with the cellular
349 metabolism (Klähn and Hagemann, 2011). In cyanobacteria, different compatible solutes have been
350 described and can be classified in the following substance classes: sugars (trehalose, sucrose),
351 heterosides (glucosylglycerol (GG), glucosylglycerate (GGA)), amino acid derivatives (glycine
352 betaine, glutamate betaine, homoserine betaine), polyols (glycerol), amino acids (proline), and
353 organosulfurs (dimethylsulfoniopropionate) (Kirsch et al., 2019;Kageyama and Waditee-Sirisattha,
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354 2022). A correlation has been established between the class of the dominant compatible solute used by
355 a given cyanobacterial species and its degree of exposure to salt stress within its natural habitat (Reed
356 et al., 1984;Reed and Stewart, 1985). In general, freshwater strains with low halotolerance usually
357 accumulate the disaccharides sucrose and/or trehalose as a compatible solute. Marine cyanobacteria
358 accumulate the heterosides GG and GGA as osmolytes and are able to tolerate moderate salt
359 concentrations. Finally, glycine betaine and glutamate betaine are preferentially synthesized as
360 compatible solutes in halophilic species that inhabit extremely saline environments (Mackay et al.,
361 1984;Hagemann, 2011). However, there are few exceptions to this classification. Notably, the
362 widespread marine picoplanktonic Prochlorococcus strains appear to utilize sucrose as the preferred
363 compatible solute (Klähn et al., 2010). In addition, some Prochlorococcus and Synechococcus strains
364 also synthesize glycine betaine as well as GGA (Klähn et al., 2010).

365 3.2 Control of sucrose synthesis and degradation enzymes by ions

366 Commonly, the activity of enzymes responsible for synthesis and degradation of compatible solutes
367 are regulated directly by allosteric binding of specific ions (Page-Sharp et al., 1999;Marin et al.,
368 2002;Kirsch et al., 2019;Liang et al., 2020). In S. elongatus PCC 7942, SPS7942 activity is regulated by
369 inorganic ions, Na+ and Cl–, which activate the SPS domain of this bifunctional protein, but have
370 relatively little impact on the enzymatic activity of the SPP domain (Liang et al., 2020). The same ion-
371 induced SPS activation has also been observed in the closely related strain, S. elongatus PCC 6301
372 (Hagemann and Marin, 1999), and other unicellular strains, such as Synechocystis sp. PCC 6803
373 (Hagemann and Marin, 1999;Desplats et al., 2005) and M. aeruginosa PCC 7806 (Kolman and Salerno,
374 2016). Inv activity in S. elongatus PCC 7942 is also regulated in an ion-dependent manner, showing
375 decreased catalysis under elevated ion concentrations. The inhibition of Inv by ions combines with ion-
376 induced SPS activation, promoting overall intracellular sucrose accumulation (Liang et al., 2020). The
377 same regulation of invertase has been described for Synechocystis sp. PCC 6803 (Kirsch et al., 2018),
378 suggesting that this is a fairly widespread mechanism that contributes to sucrose accumulation under
379 salt stress.

380 Gene expression of sucrose synthesis enzymes is also controlled in a salt-induced manner (Cumino et
381 al., 2010;Perez-Cenci and Salerno, 2014;Kolman and Salerno, 2016). For example, sps gene expression
382 is usually transcriptionally activated upon salt addition, promoting sucrose synthesis proportional to
383 the severity of osmotic stress (Kirsch et al., 2019). In Synechococcus sp. PCC 7002, a salt treatment
384 increased the transcript levels of sps and spp, genes that organized together in an operon with AMS
385 and fructokinase (Cumino et al., 2010;Perez-Cenci and Salerno, 2014). Similarly, M. aeruginosa PCC
386 7806 also contains a sucrose gene cluster including spsA, susA, and sppA that are all stimulated by salt
387 (Kolman and Salerno, 2016). The transcript levels of susA were also increased in M. aeruginosa PCC
388 7806 and G. violaceus PCC 7421 cells after a salt treatment (Kolman et al., 2012). More recently, it
389 was shown that transcription of the sps gene is upregulated after the addition of NaCl to S. elongatus
390 PCC 7942 (Liang et al., 2020). In Synechocystis sp. PCC 6803, some sensors have been identified to
391 be possibly related with perceiving and transducing signals of salt and hyperosmotic stresses (Marin et
392 al., 2002;Shoumskaya et al., 2005;Liang et al., 2011), and a two-component response regulator was
393 confirmed to control sucrose synthesis in Nostoc sp. PCC 7120 (Ehira et al., 2014). Finally, in some
394 species, NaCl treatment has been shown to directly increase SPS specific activity and concurrently
395 activate sps gene expression (Hagemann and Marin, 1999;Salerno et al., 2004).

396 3.3 Other functions of sucrose in cyanobacteria

397      Apart from its role as a compatible solute, sucrose acts in other cellular pathways. Sucrose and trehalose
398      are considered major compatible solutes that enhance drought tolerance in cyanobacteria (Rajeev et
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399 al., 2013;Wang et al., 2018;Lin et al., 2020a;Khani-Juyabad et al., 2022), though their functions in
400 desiccation tolerance are less rigorously characterized. Sucrose also has well-established roles as a
401 fixed carbon carrier molecule in some filamentous species, where it is produced in vegetative cells and
402 catabolized in the heterocysts of nitrogen-fixing cyanobacterial species (Nürnberg et al., 2015).
403 Sucrose acts a molecule to carry carbon and energy equivalents from vegetive cells to heterocysts,
404 where it is consumed in part to drive the ATP- and NADH-requiring nitrogenase reactions (Juttner,
405 1983;Cumino et al., 2007;López-Igual et al., 2010;Vargas et al., 2011). It is proposed that sucrose
406 transport primarily occurs through cell-cell septal junctions (Nürnberg et al., 2015).

407 Finally, it has been speculated that sucrose might also act as a signaling molecule in cyanobacteria
408 (Desplats et al., 2005). In higher plants, sucrose metabolism is not only essential for the allocation of
409 carbon resources but also participates in a regulatory network that coordinates metabolism and
410 development (Curatti et al., 2006). Sucrose seems to be a versatile molecule with multiple roles in
411 cyanobacteria, but most of them are poorly understood, raising the possibility that this sugar has
412 underappreciated functions that remain unexplored.

413 4 Engineering cyanobacteria to produce sucrose

414 Innovations in biotechnology have taken advantage of aquatic photosynthetic organisms’ ability to
415 create valuable products (e.g., lipids, antioxidants, pigments) to cope with environmental stressors
416 (Chen et al., 2017;Morone et al., 2019). As a bioproduct naturally synthesized at high levels by some
417 species of cyanobacteria in response to salt stress, sucrose has garnered attention for its potential as an
418 alternative carbohydrate feedstock for higher-value goods (Hays and Ducat, 2015;Zhang et al., 2021).
419 Sucrose generated by cyanobacteria could offer a number of advantages relative to plant-based
420 feedstock crops, including potentially higher photosynthetic efficiencies and reduced requirements for
421 potable water or arable land. Here, we review recent strategies employed to make cyanobacterial
422 bioproduction of sucrose more productive and affordable.

423 4.1 Engineered heterologous transporters for sugar export

424 As discussed above, cyanobacteria can accumulate osmoprotectants up to hundreds-of-millimolar
425 concentrations when exposed to hypersaline conditions (e.g., sucrose, trehalose, GG) (Hagemann,
426 2011;Klähn and Hagemann, 2011). For instance, under moderate salt stress (200 mM NaCl), the
427 common freshwater model cyanobacterium S. elongatus PCC 7942 accumulates nearly 300 mM
428 intracellular sucrose (calculated based on a culture volume basis), representing a significant portion of
429 the cell biomass (Suzuki et al., 2010). Although this degree of metabolite production presents an
430 industrial and agricultural opportunity, cytosolic volume constrains how much sucrose can be
431 accumulated: the costs associated with cyanobacterial cell recovery, lysis, and processing would likely
432 exceed the economic value of the commodity products contained in the cytosol (Prabha et al., 2022).
433 Therefore, secreting sugars into the supernatant for collection has been proposed as a more financially
434 viable strategy. For this purpose, cyanobacteria have been engineered to express heterologous
435 transporters capable of exporting lactate and hexoses (Niederholtmeyer et al., 2010;Angermayr et al.,
436 2012).

437 Similarly, S. elongatus PCC 7942 was originally engineered to export sucrose by expressing sucrose
438 permease (cscB) from Escherichia coli ATCC 700927 (Ducat et al., 2012), and multiple cyanobacterial
439 species have since been similarly modified by different research teams (Table 1). In its native host,
440 CscB is a sucrose/proton symporter that typically operates by utilizing the free energy of the proton
441 gradient to import both molecules (Vadyvaloo et al., 2006). By contrast, during periods of
442 cyanobacterial sucrose synthesis, internal sucrose concentrations greatly exceed external levels causing
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443 reversal of chemical gradients and driving sucrose export through CscB instead. CscB-expressing,
444 sucrose-exporting S. elongatus PCC 7942 strains can secrete up to 80% of photosynthetically fixed
445 carbon as sucrose, diverting these resources away from the accumulation of cellular biomass (Ducat et
446 al., 2012). Although efforts to scale-up cyanobacterial sucrose production have not yet come to fruition
447 (e.g., Proterro) (Aikens and Turner, 2013), it has been estimated that such cyanobacterial strains have
448 the potential to produce comparable amounts of sugar to traditional plant-based carbohydrate
449 feedstocks. Realizing the promise of cyanobacterial sucrose is likely to require efforts to address
450 problems of cyanobacterial/microalgal cultivation (beyond the scope of this review, but see Su et al.,
451 2017;Khan et al., 2018) as well as strategies to maximize bioproduction rates.

452 4.2 Increasing metabolic flux to sucrose pathways

453 Published strategies for improving rates of cyanobacterial sucrose productivity generally fall into two
454 related strategies: increasing carbon flux towards the synthesis of sucrose through the upregulation of
455 relevant biosynthetic activities, or by reducing the loss of carbon to competing pathways or sucrose
456 reuptake. Perhaps the most straightforward approach for improving sucrose titers has been the
457 overexpression of genes related to sucrose biosynthesis. Several studies have now found that flux
458 leading to sucrose production can be most impacted by increasing the activity of SPS (Du et al.,
459 2013;Duan et al., 2016;Lin et al., 2020a), which is largely intuitive given that this enzyme catalyzes a
460 commitment step to sucrose biosynthesis. Significant increases in sucrose production can be found in
461 strains overexpressing SPS, even without allowing for sucrose export. First reported in Synechocystis
462 sp. PCC 6803, a strain engineered to overexpress its native SPS (SPS6803) accumulated nearly twice as
463 much intracellular sucrose than its wild-type counterpart (Du et al., 2013). Likewise, when the native
464 SPS in S. elongatus PCC 7942 was overexpressed, internal sucrose concentrations were 93% higher
465 than in wild-type (Duan et al., 2016). In addition, pairing SPS overexpression with sucrose export
466 further increases total sucrose yields. When SPS7942 and CscB were co-overexpressed in S. elongatus
467 PCC 7942, there was a 74% increase in sucrose compared to the CscB-only strain (Table 1) (Duan et
468 al., 2016), yet the nature of the SPS homolog that is overexpressed can strongly influence the degree
469 to which sucrose production is improved. SPS7942 is bidomainal and bifunctional (i.e., possessing active
470 GTD and PHD domains), in contrast to SPS6803 which is also bidomainal, but has a non-functional
471 PHD domain and is regulated distinctly from SPS7942 (Curatti et al., 1998;Lunn et al., 1999;Gibson et
472 al., 2002). However, the partial-functionality of SPS6803 does not mean it is less effective, as
473 heterologous co-overexpression of SPS6803 and CscB in S. elongatus PCC 7942 increases sucrose
474 production relative to overexpression of the native SPS7942 (Abramson et al., 2016;Dan et al., 2022)
475 (Table 1). It is curious that SPS6803 is a more effective enzyme for rerouting carbon flux towards sucrose
476 bioproduction, given that it lacks a functional SPP domain (S. elongatus PCC 7942 encodes other
477 endogenous SPP proteins in the examples above), so it is possible that this observation is related either
478 to the manner in which salt-ions can regulate the function of some SPS domains (Liang et al., 2020),
479 or to other unknown functions for SPP and/or SPP-like domains other than S6P phosphatase activity
480 (see 2.1.3 SPP-like proteins).

481 While the overexpression of SPS has yielded substantial improvements, this strategy has not been
482 equally successful with other proteins in the sucrose biosynthetic pathway. Overexpression of SPP
483 from Synechocystis sp. PCC 6803 (SPP6803) either had no effect on, or decreased sucrose productivity
484 in S. elongatus PCC 7942 or Synechococcus elongatus UTEX 2973 (Du et al., 2013;Lin et al., 2020a).
485 Similarly, overexpression of UDP-Gluc pyrophosphorylase (UGP), the protein producing UDP-Gluc
486 as a substrate for SPS, led to less sucrose secretion (Ducat et al., 2012;Du et al., 2013). Only when
487 these three enzymes were overexpressed simultaneously (i.e., SPS6803, SPP6803, and UGP), were
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488 sucrose levels increased in comparison with SPS6803-only strain, albeit marginally (Du et al., 2013)
489 (Table 1).

490 Another successful approach for improving the flux of carbon to sucrose biosynthesis is to accelerate
491 the rate of the upstream carbon supply from the CBB. Multiple strains of cyanobacteria have been
492 engineered to secrete sucrose through the heterologous expression of cscB, but the highest yields to-
493 date have been obtained from strains with a more rapid metabolism and higher light tolerance relative
494 to classic laboratory models (Table 1). S. elongatus UTEX 2973 is a recently re-characterized species
495 that is 99.99% identical to S. elongatus PCC 7942, but has a doubling time as fast as ~2 hours
496 (compared to ~5-9 hours for S. elongatus PCC 7942), and is more tolerant of high-light and high-497

temperature conditions (Kratz and Myers, 1955;Yu et al., 2015;Adomako et al., 2022). Expression of
498 cscB in S. elongatus UTEX 2973 led to the development of strains with relatively high sucrose
499 productivities (Song et al., 2016;Lin et al., 2020a). A high sucrose titer was originally reported in such
500 strains when exposed to 150 mM NaCl, reaching approximately 80 mg L-1 (Song et al., 2016). Lin et
501 al. also created a S. elongatus UTEX 2973-cscB strain, and observed an even greater sucrose titer at 8
502 g L-1 at 150 mM NaCl, averaging out to 1.9 g L-1 day-1, over 2-fold higher than the productivities of S.
503 elongatus PCC 7942, representing the highest sucrose titer published thus far (Lin et al., 2020a), and
504 illustrating the potential benefits of utilizing fast-growing strains that can reach higher densities.

505 Somewhat surprisingly, activation of the sucrose export pathway itself has been reported to increase
506 the overall photosynthetic flux in some cyanobacterial strains. In S. elongatus PCC 7942, when sucrose
507 synthesis pathways are placed under inducible promoters, a variety of enhancements in features related
508 to photosynthesis have been reported in the hours following activation of the pathway (Ducat et al.,
509 2012;Abramson et al., 2016;Santos-Merino et al., 2021b;Singh et al., 2022). The quantum efficiency
510 of photosystem II, rate of oxygen evolution, relative rate of electron flux through the photosynthetic
511 electron transport chain, oxidation status of photosystem, and rate of carbon fixation are all increased
512 (Ducat et al., 2012;Abramson et al., 2016;Santos-Merino et al., 2021b). The latter observation is
513 correlated with an increase in Rubisco abundance that was revealed by proteomic analysis >24 hours
514 following induction of sucrose export, and a concomitant increase in carboxysome number (Singh et
515 al., 2022). While the mechanisms underlying these changes in photosynthetic performance are not well
516 understood, it has been hypothesized that they arise from a relaxation in “sink limitations” on
517 photosynthesis that can arise when the downstream consumption of products of photosynthesis (e.g.,
518 ATP, NADPH, CBB outputs) is insufficient to keep up with the supply (Santos-Merino et al., 2021a).
519 Stated differently, when carbon fixation is not the rate-limiting step of cell metabolism (e.g., under
520 enriched CO2 atmospheres commonly used in laboratory conditions), the expression of a heterologous
521 pathway may act as an additional “sink” and bypass downstream limitations of cell growth and
522 division. While this remains a speculative possibility, the relaxation of acceptor-side limitations on
523 photosystem I suggests that sucrose secretion pathways (or other heterologous metabolic sinks) may
524 utilize “excess” light energy that might otherwise be lost to photosynthetic inefficiencies under certain
525 conditions (Abramson et al., 2016;Santos-Merino et al., 2021b). Uncovering the mechanisms
526 underlying the photosynthetic phenotypes coupled to sucrose export might allow even greater
527 improvements in photosynthesis and/or sucrose bioproduction.

528 4.3 Reducing metabolic flux to competing pathways

529 The alternative strategy to boost sucrose production is to improve the pool of sucrose or sucrose
530 precursors by reducing flux to pathways that compete with sucrose biosynthesis for either substrates
531 or total carbon pools. A straightforward example is to eliminate the dominant route for sucrose
532 breakdown, such as the Inv proteins that are a dominant route of sucrose hydrolysis in many
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533 cyanobacterial models. In a recent report, inactivation of the Synechocystis sp. PCC 6803 invertase
534 increased accumulated sucrose by 10-fold in both salt and salt-free conditions (Kirsch et al., 2018).
535 These results were of higher magnitude, but similar trajectory to reports in other cyanobacteria, such
536 as in sucrose-exporting S. elongatus PCC 7942 where a ΔinvA background exhibited a 15% increase
537 in extracellular sucrose (Ducat et al., 2012).

538 Glycogen is a storage molecule of cyanobacteria that is a significant alternative carbon sink, yet
539 inhibiting glycogen synthesis has yielded variable results on sucrose secretion. For example, knockout
540 of the two glycogen synthase genes (glgA-I and glgA-II) of Synechococcus sp. PCC 7002 led to an
541 accumulation of three times more sucrose than wild-type under hypersaline conditions (Xu et al., 2013)
542 (Table 1). However, when another glycogen synthesis gene, ADP-glucose pyrophosphorylase (glgC),
543 was downregulated in sucrose-secreting S. elongatus PCC 7942, there was only a minor or insignificant
544 increase in sucrose (Qiao et al., 2018). GlgP is responsible for hydrolyzing glycosidic bonds in
545 glycogen to release glucose-1-phosphate, so it was theorized that increasing GlgP activity would
546 mobilize carbon from the glycogen pool for sucrose biosynthesis. However, when GlgP was
547 overexpressed in sucrose-secreting strains of S. elongatus PCC 7942 with its native SPS, there were
548 no changes in glycogen content and a decrease in sucrose was observed (Ducat et al., 2012;Dan et al.,
549 2022), while heterologous expression of both SPS6803 and GlgP overexpression reduced glycogen
550 content while increasing sucrose secretion by 2.4-fold (Dan et al., 2022). The variability in sucrose
551 production of glycogen-deficient strains might be related to the pleotropic cellular deficiencies of these
552 strains, including reduced growth, reduced O2 evolution and consumption, abnormal pigmentation, and
553 light sensitivity (Suzuki et al., 2010;Ducat et al., 2012;Gründel et al., 2012;Xu et al., 2013;Qiao et al.,
554 2018). These phenotypes align with a potential broader role for glycogen beyond carbon storage, which
555 may include buffering against periods of starvation, oxygenic stress, high-light stress, salt stress, or
556 diurnal/transient changes in light availability (Luan et al., 2019;Shinde et al., 2020). Given the
557 increasing recognition of regulatory roles of glycogen, more nuanced strategies may be required to
558 regulate the flux of carbon towards glycogen synthesis in order to reliably improve sucrose
559 bioproduction (Huang et al., 2016).

560 In some cyanobacterial strains that utilize other compatible solutes as the dominant metabolite for
561 osmoprotection, synthesis of these osmoprotectant compounds may compete with sucrose
562 biosynthesis. One example is, GG, the primary solute utilized by moderately halotolerant cyanobacteria
563 such as Synechocystis sp. PCC 6803 (Klähn and Hagemann, 2011). When GG-phosphate synthase
564 (GgpS), the enzyme that generates a GG precursor, was knocked out in Synechocystis sp. PCC 6803,
565 increased flux of carbon to sucrose production was reported (Du et al., 2013;Kirsch et al., 2019;Thiel
566 et al., 2019) (Table 1). A GgpS mutant incapable of generating GG under salt stress instead
567 accumulated nearly 1.5-fold more sucrose than wild-type, although these engineered strains also
568 exhibited growth inhibition at lower salt concentrations that would be well tolerated by wild-type lines
569 (Du et al., 2013).

570 While most studies focus on restricting metabolic pathways that consume cellular carbon resources,
571 downregulation of processes that compete for reducing equivalents may also be an alternative approach
572 to engineering strains with high-sucrose productivity. Flavodiiron proteins are part of cyanobacterial
573 photoprotective systems that are engaged during periods of redox stress (e.g., fluctuating light) and can
574 direct electrons from an over-reduced photosynthetic electron transport chain to oxygen
575 (Allahverdiyeva et al., 2015). The flavodiiron-catalyzed reaction is essentially a water-water cycle that
576 dissipates potential energy from reducing equivalents generated from photosynthetic light reactions,
577 but this reaction appears to be important for preventing photodamage under dynamic light conditions
578 (Allahverdiyeva et al., 2013). Knockout of flavodiiron proteins Flv1 and Flv3 in S. elongatus PCC
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579 7942 could boost sucrose production in a cscB/sps6803 expressing background (Santos-Merino et al.,
580 2021b). Furthermore, activation of sucrose secretion pathways could partially compensate for the loss
581 of Flv1/Flv3 under transient light changes, further suggesting that heterologous metabolic sinks may
582 have some limited ability to utilize “overpotential” on the photosynthetic electron transport chain
583 (Santos-Merino et al., 2021b).

584 4.4 Altering regulatory networks to increase sucrose synthesis

585 Sucrose biosynthesis is a natural component of many cyanobacterial adaptive responses, so a deeper
586 understanding of the regulatory networks that control this process could allow researchers to
587 manipulate sucrose production in the absence of abiotic stressors. In this context, a couple of studies
588 have reported promising improvements in sucrose secretion rates by altering cyanobacterial two-
589 component regulatory proteins, although the specific mechanisms remain uncertain. In a screen of all
590 two-component regulatory factors in S. elongatus PCC 7942, Qiao and colleagues identified genes
591 indirectly linked to sucrose productivity, glycogen accumulation, and photosynthetic activity (Qiao et
592 al., 2019). The partial deletion of ManR, a protein that plays a regulatory role in Mn2+ uptake (Ogawa
593 et al., 2002;Yamaguchi et al., 2002;Zorina et al., 2016), increased sucrose by 60%, a complete
594 knockout of Synpcc7942_1125 increased sucrose by 41% (Qiao et al., 2019) (Table 1). In a separate
595 study, overexpression of the two-component protein regulator of phycobilisome assembly B (rpaB)
596 reproduced a growth-arrest phenotype in S. elongatus PCC 7942 (Moronta-Barrios et al., 2013), and
597 increased sucrose secretion in a cscB-expressing background (Abramson et al., 2018) (Table 1). It was
598 suggested that the growth arrest restricted carbon flux to many downstream pathways that might
599 otherwise compete for sucrose biosynthesis, though a more specific alteration in regulatory processes
600 controlling sucrose synthesis could not be excluded. While the number of studies is still limited, two-
601 component signaling pathways have so far proven to be a promising strategy to improve sucrose yields,
602 though our mechanistic understanding for these phenotypes is far from complete.

603 5 Applications of sucrose production in cyanobacterial co-culture

604 While the biotechnological focus for cyanobacteria has predominantly been upon direct synthesis of
605 high-value products (Ducat et al., 2011;Knoot et al., 2018), there is growing interest in utilizing sugar-
606 producing cyanobacteria for indirect bioproduction. This approach involves the use of carbohydrate-
607 secreting cyanobacteria that support the growth of co-cultivated heterotrophic microbes. Co-cultures
608 become “one-pot” reactions where cyanobacteria specialize in photosynthetic metabolism to supply
609 carbon to a heterotroph, which in turn performs the metabolic labor of converting the carbon to higher-
610 value goods or services (Hays and Ducat, 2015;Ortiz-Reyes and Anex, 2022). In this section, we will
611 cover the modular nature of synthetic microbial consortia designed using sucrose-secreting
612 cyanobacteria, their applications, and their future opportunities and challenges.

613 5.1 Potential advantages of modular microbial platforms

614 Microbial bioproduction is now a well-recognized approach that harnesses metabolic diversity for
615 synthesis of valuable chemicals (e.g., polymers, fuels, pharmaceuticals) as an alternative to traditional
616 environmentally unsustainable processes (Tsuge et al., 2016;Wendisch et al., 2016;Liu and Nielsen,
617 2019;Zhong, 2020;Wu et al., 2021). Multiple decades of sustained investments in microbial research,
618 prospecting, and genetic engineering have yielded a wealth of bacterial strains optimized to generate
619 specific bioproducts. In some cases, efficient bioproduction of a target compound can be achieved by
620 expressing relevant metabolic pathways in different microbial species. But there are also many
621 examples where heterologously expressed metabolic pathways perform poorly due to other
622 physiological features of a microbe that make it a non-optimal chassis (Calero and Nikel, 2019). For
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623 this reason, it is often non-trivial to re-engineer cyanobacterial metabolism for direct synthesis of a
624 desired compound, which may stubbornly resist efforts to improve product titer (Savakis and
625 Hellingwerf, 2015;Nagarajan et al., 2016;Lin and Pakrasi, 2019).

626 A modular approach for multi-species product synthesis offers the capacity to leverage species with
627 the most compatible physiology and desirable endogenous pathways for a given biochemical
628 transformation, thus bypassing metabolic limitations of one biological chassis. At least in theory, each
629 member of a synthetic microbial consortium can be conceptualized as a “module” selected specifically
630 to perform functions well-suited with organism’s abilities. In this context, cyanobacteria-heterotroph
631 co-cultures can be rationally designed to retain the advantages of cyanobacterial metabolism (i.e., use
632 of light/CO2 inputs, efficient carbon fixation) and paired with other microbes that have demonstrated
633 efficiency in transforming simple carbohydrates into a desired end product. Additionally, because the
634 co-culture output can be changed by swapping the “heterotrophic module” (i.e., organism), some steps
635 to optimize synthesis for one product (e.g., improving cyanobacterial sucrose production) may be
636 transferable to achieve enhanced synthesis across many distinct cyanobacteria-heterotroph pairings. In
637 practice, sucrose-secreting cyanobacteria have already been used as the basis for engineered microbial
638 communities with numerous heterotrophic species and for a variety of end products (Table 2), although
639 a number of improvements will be required to make these co-cultures feasible for scaled application.

640 5.2 Cyanobacterial co-culture as a flexible platform for value-added products

641 At the time of this writing, the most common metabolic output reported from cyanobacteria-642
heterotroph co-cultures are polyhydroxyalkanoates (PHAs), a class of biological polymers with

643 comparative qualities to petroleum-based plastics. PHAs have the advantage of being both compatible
644 in blends with commonly used petroleum-based polymers while also exhibiting superior
645 biodegradation properties (Boey et al., 2021;Mezzina et al., 2021). Additionally, some heterotrophic
646 microbes utilize PHAs as an intracellular storage polymer and under stress conditions can naturally
647 hyperaccumulate PHAs in excess of 80% of their dry cell mass (Leong et al., 2014;Lee et al., 2021),
648 making these compounds an ideal test case for the division of labor between metabolic specialists, as
649 outlined above. Polyhydroxybutyrate (PHB) is a PHA polymer that has been produced in
650 cyanobacterial co-culture with three different heterotrophic species: Azotobacter vinelandii,
651 Halomonas boliviensis and E. coli W (Hays et al., 2017;Smith and Francis, 2017;Weiss et al., 2017)
652 (Table 2). PHB is a natural storage polymer for both A. vinelandii and H. boliviensis, while
653 heterologous expression of the phaCAB operon in E. coli will confer PHB synthesis capability. The
654 most productive co-cultures reported included a heterotrophic partner species that was naturally
655 capable of PHB synthesis. Notably, the co-cultivation of S. elongatus PCC 7942 cscB with H.
656 boliviensis was extended over six months with no organic carbon input, demonstrating that these
657 synthetic consortia can be stable and productive over long time periods (Weiss et al., 2017).

658 Pseudomonas putida is a model organism that naturally accumulates medium chain length PHAs (mcl-
659 PHA) granules in response to starvation, primarily under low-nitrogen and high-carbon conditions
660 (Hoffmann and Rehm, 2004). While sucrose is not naturally consumed by P. putida, expression of
661 heterologous sucrose transporters and sucrose hydrolyzing enzymes allows it to grow on sucrose as the
662 sole carbon source (Sabri et al., 2013;Löwe et al., 2020), a strategy that has been used to enable other
663 microbial species without native pathways to consume cyanobacterially secreted sucrose (Sabri et al.,
664 2013;Hobmeier et al., 2020;Zhang et al., 2020). Indeed, initial reports demonstrated that P. putida
665 expressing cscAB was capable of growing solely on sucrose provided by S. elongatus PCC 7942 and
666 accumulated PHA in co-culture, though sucrose utilization was incomplete and productivities were
667 modest (Löwe et al., 2017;Fedeson et al., 2020). Additional expression of a sucrose porin (cscY) and a
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668 sucrose operon repressor (cscR) further improved sucrose utilization (Löwe et al., 2020), while further
669 optimization of the nitrogen-deficiency response pathway (Hobmeier et al., 2020) and culture
670 conditions could boost PHA titer further (Kratzl et al., 2023) (Table 2).

671 Other co-culture products include the metabolites ethylene, isoprene, 3-hydroxypropionic acid (3-HP),
672 and 2,3-butanediol (Table 2), which are compounds in a broader class of industrially relevant
673 precursors widely used for chemical synthesis (e.g., diols, organic acids, gaseous alkenes) (Cui et al.,
674 2022;Li et al., 2022a;Ma et al., 2022). In most of these reports, the heterotrophic microbe utilized were
675 E. coli substrains, although the rapidly growing halophile Vibrio natriegens was able to produce a
676 relatively high amount of 2,3-butanediol in co-culture (Li et al., 2022a). Interestingly, co-cultures of S.
677 elongatus PCC 7942 and P. putida designed to convert 5-hydroxymethylfurfural to 2,5-678

furandicarboxylic acid (FDCA), a common precursor molecule, exhibited higher efficiency when the
679 two species were engineered to display complementary surface proteins (Lin et al., 2020b). The authors
680 suggest that physical binding between the two species could improve metabolic exchange (Lin et al.,
681 2020b), an intriguing strategy that may be valuable to develop further.

682 Beyond commodity products, several higher-value chemicals expand the metabolic repertoire of
683 cyanobacteria-heterotroph co-cultures. The pigment industry makes routine use of a number of
684 compounds that generate significant environmental hazards when chemical synthesis methods are used
685 (Pereira and Alves, 2012). Biosynthetic pathways for pigment derivatives (e.g., indigoidine for the
686 popular pigment, indigo) are being explored for more environmentally conscious pigment synthesis
687 (Celedón and Díaz, 2021). Recently, co-cultures have been reported for the synthesis of indigoidine
688 using the heterotroph P. putida, β-carotene with E. coli or the yeast Yarrowia lipolytica, and violacein
689 by E. coli (Nangle et al., 2020;Zhao et al., 2022). Although most cyanobacteria-heterotroph co-cultures
690 make use of the model laboratory strain S. elongatus PCC 7942, Zhao and colleagues used a sucrose-
691 secreting variant of the fast-growing and high-light tolerant relative, S. elongatus UTEX 2973, in their
692 co-culture experiments to produce indigoidine and β-carotene (Zhao et al., 2022). The cosmetic p-
693 coumaric acid, is another higher-value compound useful for its antioxidant and antimicrobial properties
694 (Boz, 2015;Boo, 2019). The biosynthetic pathway for p-coumaric acid was introduced into V.
695 natriegens and co-cultures of these engineered strains with S. elongatus PCC 7942 allowed for
696 photosynthetically driven p-coumaric acid production (Li et al., 2022a). Other recent reports provide
697 further evidence of the flexibility of this cyanobacterial co-cultivation system (see Table 2), including
698 bioproduction of fatty acids (Li et al., 2022a), ε-caprolactone (Toth et al., 2022), lactate (Li et al.,
699 2022a), and secreted enzymes (Hays et al., 2017). Additionally, some products can be used to feed
700 downstream bacteria and develop more complex systems. A four-species consortium utilized lactate-
701 consuming Shewanella onedensis to generate electricity and acetate, in which the latter was consumed
702 by Geobacter sulfurreducens to produce CO2 for S. elongatus PCC 7942 (Table 2) (Zhu et al., 2022).

703 One final co-culture example was constructed more in the service of remediating an environmental
704 toxin, rather than producing a specific byproduct (Fedeson et al., 2020). S. elongatus PCC 7942 was
705 co-cultured with an engineered strain of P. putida expressing a pathway for 2,4-dinitrotoluene (2,4-
706 DNT) degradation (Akkaya et al., 2018) (Table 2). 2,4-DNT is an environmentally stable and toxic
707 byproduct generated from the manufacture of polyurethane, pesticides, and explosives (Griest et al.,
708 1995;Ju and Parales, 2010). In order to prepare co-cultures that were stable in the face of toxic levels
709 of 2,4-DNT, it was necessary to encapsulate sucrose-secreting S. elongatus PCC 7942 within an
710 alginate hydrogel, which increased the resilience of the cyanobacteria to the environmental stress
711 without diminishing its capacity to perform photosynthesis and secrete sucrose for P. putida
712 consumption (Fedeson et al., 2020). Notably, the strategy of immobilizing one or more microbial
713 partner in a hydrogel was utilized in a number of the aforementioned co-culture experiments (Smith
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714 and Francis, 2017;Weiss et al., 2017;Li et al., 2022b;Zhao et al., 2022), and encapsulated
715 cyanobacterial strains exhibited increased resilience to environmental stressors relative to planktonic
716 controls, while simultaneously maintaining or increasing per-cell sucrose secretion rates.

717 5.3 Co-culture as a platform to study microbial communities

718 Phototrophs and heterotrophs are often metabolically intertwined in natural contexts (Morris,
719 2015;Henry et al., 2016). For example, many marine Prochlorococcus species secrete organic carbon
720 to neighboring heterotrophic partners that perform functions in detoxifying reactive oxygen species
721 present in the open ocean (Morris et al., 2011;Braakman et al., 2017). It has been hypothesized that the
722 natural export of sugars from Prochlorococcus and other cyanobacteria may prime them to engage
723 with surrounding heterotrophs via cross-feeding, and potentially “outsource” the metabolic burden of
724 synthesizing some nutritional requirements to other organisms (Werner et al., 2014;Henry et al.,
725 2016;Braakman et al., 2017). Natural microbial communities and symbiotic relationships usually
726 develop over evolutionary time scales and may exhibit numerous and complex cross-feeding patterns
727 and other self-stabilizing interactions (Konopka et al., 2015). Yet, these important dynamics can be
728 challenging to study due to the difficulty of disentangling specific mechanisms from the complex
729 interaction networks (Ponomarova and Patil, 2015). The fact that many natural symbioses also have
730 cyanobacterial partners that exchange fixed carbon for other microbial partner(s) has led some groups
731 to explore synthetic cyanobacteria/heterotroph co-cultures as a possible “bottom-up” system to gain
732 insight into complex microbial consortia.

733 Synthetic phototroph-heterotroph microbial consortia may represent a complementary system to study
734 natural consortia in parallel, as they present a platform for interrogating microbial interactions that is
735 relatively simple, genetically tractable, and experimentally tunable (Table 3) (De Roy et al., 2014;Song
736 et al., 2015). One intriguing phenomenon that recurs across several synthetic cyanobacteria/heterotroph
737 co-cultures is an increase in the vigor or productivity of one or both partners relative to axenic controls.
738 For instance, cyanobacterial growth was enhanced in mixed culture with several heterotrophic species
739 (Hays et al., 2017;Li et al., 2017;Hobmeier et al., 2020;Ma et al., 2022), although the partner species
740 were evolutionarily “naïve” to one another. Similarly, heterotrophic productivity in co-culture can be
741 significantly higher than can be attributed to the cyanobacterially secreted sucrose (Hays et al.,
742 2017;Cui et al., 2022;Ma et al., 2022). Conversely, when cyanobacteria are allowed to overpopulate a
743 synthetic co-culture, heterotrophic partners may exhibit reduced viability (Hays et al., 2017). It is
744 highly likely that some of these effects arise due to unprogrammed metabolic interactions and emergent
745 behaviors of division of labor (Rafieenia et al., 2022), such as the generation of damaging reactive
746 oxygen species (Hays et al., 2017;Ma et al., 2022).

747 Our current understanding of the emergent properties of mixed microbial communities is limited and
748 cannot fully explain observed phenomena. Preliminary analyses and multi-omics approaches have been
749 used to predict hidden interactions within synthetic consortia, providing insight on areas of cooperation
750 and competition that could be validated and exploited to design more robust co-cultures (Carruthers,
751 2020;Zuñiga et al., 2020;Ma et al., 2022). Synthetic co-cultures also present a simpler set of variables
752 in comparison to natural communities which may be more amenable to simulations, such as agent-
753 based modeling, for predicting emergent behaviors in a population (Sakkos et al., 2022). Finally,
754 additional layers of metabolic exchange can be designed into the synthetic co-culture system to
755 experimentally probe and validate hypotheses of inter-species exchange. A notable example in this
756 regard is multiple groups’ use of the diazotroph, A. vinelandii, to fix atmospheric nitrogen and secrete
757 ammonia, effectively creating a carbon-for-nitrogen exchange in co-culture with sucrose-secreting
758 cyanobacteria (Smith and Francis, 2017;Carruthers, 2020). Taken together, the computational,
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759 systems, and genetic toolkits available for synthetic microbial consortia may lead to important insights
760 on the dynamics of microbial exchange that would be difficult to probe in natural microbiomes.

761 6 Challenges and future perspectives

762 Cyanobacterial sucrose production exhibits considerable potential to facilitate sustainable
763 bioproduction using light and CO2 but could benefit from still further enhancements in productivity.
764 Expanding into more elaborate metabolic engineering efforts guided by cyanobacterial genome-scale
765 metabolic models might be one approach to identify other potential metabolic targets to increase
766 sucrose yields. In addition, only one transporter has been used so far to facilitate sucrose secretion in
767 cyanobacteria, CscB. While this transporter seems to work properly in many cyanobacterial strains
768 (Table 1), Synechocystis sp. PCC 6803 is an exception (Du et al., 2013;Kirsch et al., 2018). CscB has
769 a relatively low affinity for sucrose (Sahin-Tóth and Kaback, 2000), so alternative transporters with
770 higher affinity or transport kinetics might be used to boost cyanobacterial sucrose export, expand the
771 range of cyanobacterial species that can be engineered, or used to increase the uptake rates for co-772

cultured heterotrophs.

773 Although enzymes involved in cyanobacterial sucrose synthesis and degradation have been the subject
774 of extensive study, there are still major gaps in our understanding of the function of these enzymes.
775 Areas that contain a number of open questions for future study include: (i) the co-evolution of
776 bidomainal SPS with and without SPP activity among cyanobacterial species; (ii) the role(s) and
777 substrate(s) of SPP-like proteins in cyanobacteria; and (iii) the alternative roles of sucrose in
778 cyanobacteria apart from its osmoprotective functions. Increasing the knowledge in all these areas will
779 not only be useful to understand the regulation and evolution of different sucrose enzymes in
780 cyanobacteria, but also to further engineer these enzymes to obtain high sucrose yields.

781 Cyanobacteria hold considerable potential as cell factories to produce sucrose, yet the development of
782 commercially viable applications of this strategy will require a significant amount of additional
783 research and optimization. Importantly, while yields of sucrose from cyanobacteria could theoretically
784 exceed production from traditional plant crops at scale, significant barriers to translate results from the
785 lab to the field are evident. For instance, deployment of outdoor cultivation would require strains that
786 exhibit resilience to the dynamic fluctuations of temperature, light, diurnal cycles, and abiotic stresses
787 (Jaiswal et al., 2022). Furthermore, while the bioavailability of sucrose lends itself to a high degree of
788 flexibility in the design of co-cultures, it also makes cyanobacterial cultures highly vulnerable to
789 invasive microbes (Hays and Ducat, 2015;Gao et al., 2022). Contamination that reduces culture output
790 would be highly likely in any scaled system without the implementation of aggressive confinement
791 and/or pesticidal treatments that would greatly increase the cost of production. Alternatively, efficient,
792 automated, economical, and sustainable systems to separate secreted sucrose might be employed, as
793 explored in a recent membrane-filtration system (Hao et al., 2022).

794 A much tighter integration of the signaling and metabolic exchanges between cyanobacterial and
795 heterotroph co-culture partners might suppress contaminating species through competition and
796 exclusion. Adaptative laboratory evolution could be a useful strategy to domesticate increasingly stable
797 co-cultures by better integrating and adapting the partners to one another (Konstantinidis et al., 2021).
798 Rational engineering strategies to generate more intricate coordination of activities between species
799 and at the population level might also contribute to this goal (Kokarakis et al., 2022). Cyanobacterial
800 and heterotrophic partner species that have been more extensively designed to cooperate and coordinate
801 would also be likely to exhibit higher end-product titers relative to the current productivities achievable
802 from co-culture. The exploration of mechanisms that promote partner coordination in synthetic
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803 communities through rational and directed research efforts could provide additional insights into the
804 underlying organizational principles in robust cyanobacterial symbioses that occupy many natural
805 ecological niches.

806 7 Methods

807 7.1 Sequence homology

808 The protein sequences of the orthologues of the different enzymes involved in the sucrose biosynthesis
809 and degradation were obtained from NCBI and Uniprot databases. These sequences were retrieved
810 using BLAST tools in both databases; enzymes with a well-established role in these pathways in
811 cyanobacteria were used a queries: SPS unidomainal from Nostoc sp. PPC 7120 (GenBank accession
812 No. BAB76075.1) (Cumino et al., 2002), SPS bidomainal from S. elongatus PCC 7942 (GenBank
813 accession No. ABB56840.1) (Liang et al., 2020), SPP from Synechocystis sp. PCC 6803 (GenBank
814 accession No. BAA18419.1) (Fieulaine et al., 2005), SuS from Nostoc sp. PCC 7120 (GenBank
815 accession No. BAB76684.1 (Ehira et al., 2014), AMS from Synechococcus sp. PCC 7002 (GenBank
816 accession No. ACA98889.1) (Perez-Cenci and Salerno, 2014) and from Alteromonas macleodii KCTC
817 2957 (Kolman and Salerno, 2016), and INV from S. elongatus PCC 7942 (GenBank accession No.
818 ABB56429.1) (Liang et al., 2020). For SPP-like proteins, we seeded the analysis using the sequence
819 from S. elongatus PCC 7942 (GenBank accession No. ABB56598.1). Each protein in this query list
820 was used to search for homolog sequences in the genome of 121 cyanobacterial genomes, and hits with
821 an E-value less than or equal to 10-15, an identity less than or equal to 35% and a coverage less than or
822 equal to 80% were considered true homologs.

823 7.2 Multiple sequence alignments

824 Multiple sequence alignment analyses were performed using MEGA X (Kumar et al., 2018) and
825 visualized with the Jalview multiple sequence alignment editor using the color scheme from ClustalX
826 (Waterhouse et al., 2009). Logos for the conserved motifs for each analyzed enzyme were obtained
827 using WebLogo server (Crooks et al., 2004).

828 7.3 Phylogenetic trees

829 Unrooted neighbor-joining phylogenetic trees were generated using MEGA X after the multiple
830 sequence alignments of the sequence of SPP proteins and SPP-like proteins using ClustalX with a
831 BLOSSUM matrix and a bootstrap trial of 1000. The graphical representations of the trees were created
832 using FigTree. The neighbor-joining tree of SPP-like and SPP sequences was generated using the p-
833 distance substitution method including both transitions and transversions, uniform rates among sites,
834 and pairwise deletion treatment. Support for each node was tested with 1,000 bootstrap replicates.

835 7.4 Protein structure analysis

836 The previously published crystal structures of SPS from Thermosynechococcus vestivus (Li et al.,
837 2020) and SPP from Synechocystis sp. PCC 6803 (Fieulaine et al., 2005) were downloaded from PDB
838 (Berman et al., 2003) with IDs 6KIH and 1U2T, respectively. All structure figures were prepared using
839 ChimeraX (Pettersen et al., 2021).

840 8 Conflict of Interest

841 The authors declare that the research was conducted in the absence of any commercial or financial
842 relationships that could be construed as a potential conflict of interest.

19



843 9 Author Contributions

844 All authors outlined the scope and content of the manuscript. MSM and LY conducted the literature
845 review and wrote the draft manuscript. MSM conducted the phylogenetic analyses and prepared
846 Figures 1-4, S1. LY prepared the Tables within the main manuscript, while MSM prepared the Tables
847 in the supplemental materials. All authors reviewed, edited, and proofed the manuscript. All authors
848 read and approved the manuscript for submission.

849 10 Funding

850 This work was primarily supported by the Department of Energy and Basic Energy Sciences Division
851 (Grant: DE-FG02- 91ER20021), and the National Science Foundation and the Division of Molecular
852 and Cellular Bioscience (Grant: 1845463). LY was supported by a fellowship from the Plant
853 Biotechnology for Health and Sustainability Training Program at Michigan State University (Grant:
854 NIH T32-GM110523).

855 11 Acknowledgments

856 We would also like to thank our laboratory postdoctoral fellows Dr. Amit Singh and Dr. Sreeahila
857 Retnadhas and our predoctoral fellows Emmanuel Kokarakis, and Rees Rillema for helpful comments
858 on this manuscript.

859 12 Supplementary Material

860 Supplementary Figure S1. Phylogenetic analysis of SPP-like proteins encoded by the genome of
861 different cyanobacterial species.

862 Supplementary Table S1. List of genes encoding proteins involved in the synthesis and degradation
863 of sucrose in cyanobacteria.

864 13 References

865 Abramson, B.W., Kachel, B., Kramer, D.M., and Ducat, D.C. (2016). Increased photochemical
866                   efficiency in cyanobacteria via an engineered sucrose sink. Plant & cell physiology 57, 2451-867
2460.

868 Abramson, B.W., Lensmire, J., Lin, Y.-T., Jennings, E., and Ducat, D.C. (2018). Redirecting carbon
869                   to bioproduction via a growth arrest switch in a sucrose-secreting cyanobacterium. Algal
870                   Research 33, 248-255.

871 Adomako, M., Ernst, D., Simkovsky, R., Chao, Y.Y., Wang, J., Fang, M., Bouchier, C., Lopez-Igual,
872                   R., Mazel, D., Gugger, M., and Golden, S.S. (2022). Comparative genomics of Synechococcus
873                   elongatus explains the phenotypic diversity of the strains. mBio 13, e0086222.

874 Aikens, J., and Turner, R.J. (2013). Method of producing a fermentable sugar.

875 Akkaya, O., Pérez-Pantoja, D.R., Calles, B., Nikel, P.I., and De Lorenzo, V. (2018). The metabolic
876                   redox regime of Pseudomonas putida tunes its evolvability toward novel xenobiotic substrates.
877                   mBio 9, e01512-01518.

878 Albi, T., Ruiz, M.T., De Los Reyes, P., Valverde, F., and Romero, J.M. (2016). Characterization of the
879                   sucrose phosphate phosphatase (SPP) isoforms from Arabidopsis thaliana and role of the
880                   S6PPc domain in dimerization. PLoS One 11, e0166308.

20



881 Allahverdiyeva, Y., Isojarvi, J., Zhang, P., and Aro, E.M. (2015). Cyanobacterial oxygenic
882                   photosynthesis is protected by flavodiiron proteins. Life 5, 716-743.

883 Allahverdiyeva, Y., Mustila, H., Ermakova, M., Bersanini, L., Richaud, P., Ajlani, G., Battchikova,
884                   N., Cournac, L., and Aro, E.M. (2013). Flavodiiron proteins Flv1 and Flv3 enable
885                   cyanobacterial growth and photosynthesis under fluctuating light. Proc Natl Acad Sci U S A
886                   110, 4111-4116.

887 Angermayr, S.A., Paszota, M., and Hellingwerf, K.J. (2012). Engineering a cyanobacterial cell factory
888                   for production of lactic acid. Applied and environmental microbiology 78, 7098-7106.

889 Aravind, L., Galperin, M.Y., and Koonin, E.V. (1998). The catalytic domain of the P-type ATPase has
890                   the haloacid dehalogenase fold. Trends in biochemical sciences 23, 127-129.

891 Arias, D.M., Ortiz-Sanchez, E., Okoye, P.U., Rodriguez-Rangel, H., Balbuena Ortega, A., Longoria,
892                   A., Dominguez-Espindola, R., and Sebastian, P.J. (2021). A review on cyanobacteria
893                   cultivation for carbohydrate-based biofuels: Cultivation aspects, polysaccharides accumulation
894                   strategies, and biofuels production scenarios. The Science of the total environment 794, 148636.

895 Baran, R., Lau, R., Bowen, B.P., Diamond, S., Jose, N., Garcia-Pichel, F., and Northen, T.R. (2017).
896                   Extensive turnover of compatible solutes in cyanobacteria revealed by deuterium oxide (D2O)
897                   stable isotope probing. ACS chemical biology 12, 674-681.

898 Berman, H., Henrick, K., and Nakamura, H. (2003). Announcing the worldwide Protein Data Bank.
899                   Nat Struct Biol 10, 980.

900 Blank, C.E. (2013). Phylogenetic distribution of compatible solute synthesis genes support a freshwater
901                   origin for cyanobacteria. Journal of phycology 49, 880-895.

902 Blombach, B., Grunberger, A., Centler, F., Wierckx, N., and Schmid, J. (2022). Exploiting
903                   unconventional prokaryotic hosts for industrial biotechnology. Trends in biotechnology 40,
904                   385-397.

905 Boey, J.Y., Mohamad, L., Khok, Y.S., Tay, G.S., and Baidurah, S. (2021). A review of the applications
906                   and biodegradation of polyhydroxyalkanoates and poly(lactic acid) and its composites.
907                   Polymers 13, 1544.

908 Boo, Y.C. (2019). p-coumaric acid as an active ingredient in cosmetics: a review focusing on its
909                   antimelanogenic effects. Antioxidants 8, 275.

910 Boz,
911

H. (2015). p-Coumaric acid in cereals: presence, antioxidant and antimicrobial effects.
International Journal of Food Science & Technology 50, 2323-2328.

912 Braakman, R., Follows, M.J., and Chisholm, S.W. (2017). Metabolic evolution and the self-
913                   organization of ecosystems. Proc Natl Acad Sci U S A 114, E3091-E3100.

914      Calero, P., and Nikel, P.I. (2019). Chasing bacterial chassis for metabolic engineering: a perspective
915                   review from classical to non-traditional microorganisms. Microbial biotechnology 12, 98-124.

916 Carruthers, D. (2020). Engineering modular synthetic microbial consortia for sustainable
917                   bioproduction from CO2.

918 Catone, C.M., Ripa, M., Geremia, E., and Ulgiati, S. (2021). Bio-products from algae-based biorefinery
919                   on wastewater: A review. Journal of environmental management 293, 112792.

920 Celedón, R.S., and Díaz, L.B. (2021). Natural pigments of bacterial origin and their possible
921                   biomedical applications. Microorganisms 9, 739.

21



922 Chen, B., Wan, C., Mehmood, M.A., Chang, J.S., Bai, F., and Zhao, X. (2017). Manipulating
923                   environmental stresses and stress tolerance of microalgae for enhanced production of lipids and
924                   value-added products-A review. Bioresource technology 244, 1198-1206.

925 Chua, T.K., Bujnicki, J.M., Tan, T.C., Huynh, F., Patel, B.K., and Sivaraman, J. (2008). The structure
926                   of sucrose phosphate synthase from Halothermothrix orenii reveals its mechanism of action
927                   and binding mode. Plant Cell 20, 1059-1072.

928 Cid, E., Gomis, R.R., Geremia, R.A., Guinovart, J.J., and Ferrer, J.C. (2000). Identification of two
929                   essential glutamic acid residues in glycogen synthase. The Journal of biological chemistry 275,
930                   33614-33621.

931 Collet, J.F., Stroobant, V., Pirard, M., Delpierre, G., and Van Schaftingen, E. (1998). A new class of
932                   phosphotransferases phosphorylated on an aspartate residue in an amino-terminal DXDX(T/V)
933                   motif. The Journal of biological chemistry 273, 14107-14112.

934 Crooks, G.E., Hon, G., Chandonia, J.M., and Brenner, S.E. (2004). WebLogo: a sequence logo
935                   generator. Genome research 14, 1188-1190.

936 Cui, Y., Rasul, F., Jiang, Y., Zhong, Y., Zhang, S., Boruta, T., Riaz, S., and Daroch, M. (2022).
937                   Construction of an artificial consortium of Escherichia coli and cyanobacteria for clean indirect
938                   production of volatile platform hydrocarbons from CO2. Frontiers in microbiology 13, 965968.

939 Cumino, A., Curatti, L., Giarrocco, L., and Salerno, G.L. (2002). Sucrose metabolism: Anabaena
940                   sucrose-phosphate synthase and sucrose-phosphate phosphatase define minimal functional
941                   domains shuffled during evolution. FEBS Lett 517, 19-23.

942 Cumino, A.C., Marcozzi, C., Barreiro, R., and Salerno, G.L. (2007). Carbon cycling in Anabaena sp.
943                   PCC 7120. Sucrose synthesis in the heterocysts and possible role in nitrogen fixation. Plant
944                   physiology 143, 1385-1397.

945 Cumino, A.C., Perez-Cenci, M., Giarrocco, L.E., and Salerno, G.L. (2010). The proteins involved in
946                   sucrose synthesis in the marine cyanobacterium Synechococcus sp. PCC 7002 are encoded by
947                   two genes transcribed from a gene cluster. FEBS Lett 584, 4655-4660.

948 Curatti, L., Flores, E., and Salerno, G. (2002). Sucrose is involved in the diazotrophic metabolism of
949                   the heterocyst-forming cyanobacterium Anabaena sp. FEBS letters 513, 175-178.

950 Curatti, L., Folco, E., Desplats, P., Abratti, G., Limones, V., Herrera-Estrella, L., and Salerno, G.
951                   (1998). Sucrose-phosphate synthase from Synechocystis sp. strain PCC 6803: identification of
952                   the spsA gene and characterization of the enzyme expressed in Escherichia coli. Journal of
953                   bacteriology 180, 6776-6779.

954 Curatti, L., Giarrocco, L., and Salerno, G.L. (2006). Sucrose synthase and RuBisCo expression is
955                   similarly regulated by the nitrogen source in the nitrogen-fixing cyanobacterium Anabaena sp.
956                   Planta 223, 891-900.

957 Curatti, L., Giarrocco, L.E., Cumino, A.C., and Salerno, G.L. (2008). Sucrose synthase is involved in
958                   the conversion of sucrose to polysaccharides in filamentous nitrogen-fixing cyanobacteria.
959                   Planta 228, 617-625.

960 Curatti, L., Porchia, A.C., Herrera-Estrella, L., and Salerno, G.L. (2000). A prokaryotic sucrose
961                   synthase gene (susA) isolated from a filamentous nitrogen-fixing cyanobacterium encodes a
962                   protein similar to those of plants. Planta 211, 729-735.

22



963 Dan, Y., Sun, J., Zhang, S., Wu, Y., Mao, S., Luan, G., and Lu, X. (2022). Manipulating the expression
964                   of glycogen phosphorylase in Synechococcus elongatus PCC 7942 to mobilize glycogen
965                   storage for sucrose synthesis. Frontiers in bioengineering and biotechnology 10, 925311.

966 Das, P., and Gundimeda, H. (2022). Is biofuel expansion in developing countries reasonable? A review
967                   of empirical evidence of food and land use impacts. Journal of Cleaner Production, 133501.

968 De Roy, K., Marzorati, M., Van Den Abbeele, P., Van De Wiele, T., and Boon, N. (2014). Synthetic
969                   microbial ecosystems: an exciting tool to understand and apply microbial communities.
970                   Environ Microbiol 16, 1472-1481.

971 Desplats, P., Folco, E., and Salerno, G.L. (2005). Sucrose may play an additional role to that of an
972                   osmolyte in Synechocystis sp. PCC 6803 salt-shocked cells. Plant Physiol Biochem 43, 133-973
138.

974 Du, W., Liang, F., Duan, Y., Tan, X., and Lu, X. (2013). Exploring the photosynthetic production
975                   capacity of sucrose by cyanobacteria. Metabolic engineering 19, 17-25.

976 Duan, Y., Luo, Q., Liang, F., and Lu, X. (2016). Sucrose secreted by the engineered cyanobacterium
977                   and its fermentability. J Ocean Univ China 15, 890-896.

978 Ducat, D.C., Avelar-Rivas, J.A., Way, J.C., and Silver, P.A. (2012). Rerouting carbon flux to enhance
979                   photosynthetic productivity. Appl Environ Microbiol 78, 2660-2668.

980 Ducat, D.C., Way, J.C., and Silver, P.A. (2011). Engineering cyanobacteria to generate high-value
981                   products. Trends in biotechnology 29, 95-103.

982 Ehira, S., Kimura, S., Miyazaki, S., and Ohmori, M. (2014). Sucrose synthesis in the nitrogen-fixing
983                   cyanobacterium Anabaena sp. strain PCC 7120 is controlled by the two-component response
984                   regulator OrrA. Appl Environ Microbiol 80, 5672-5679.

985 Fedeson, D.T., Saake, P., Calero, P., Nikel, P.I., and Ducat, D.C. (2020). Biotransformation of 2,4-
986                   dinitrotoluene in a phototrophic co-culture of engineered Synechococcus elongatus and
987                   Pseudomonas putida. Microbial biotechnology 13, 997-1011.

988 Fieulaine, S., Lunn, J.E., Borel, F., and Ferrer, J.L. (2005). The structure of a cyanobacterial sucrose-
989                   phosphatase reveals the sugar tongs that release free sucrose in the cell. Plant Cell 17, 2049-990
2058.

991 Figueroa, C.M., Asencion Diez, M.D., Kuhn, M.L., Mcewen, S., Salerno, G.L., Iglesias, A.A., and
992                   Ballicora, M.A. (2013). The unique nucleotide specificity of the sucrose synthase from
993                   Thermosynechococcus elongatus. FEBS letters 587, 165-169.

994 Gao, H., Manishimwe, C., Yang, L., Wang, H., Jiang, Y., Jiang, W., Zhang, W., Xin, F., and Jiang, M.
995                   (2022). Applications of synthetic light-driven microbial consortia for biochemicals production.
996                   Bioresource technology 351, 126954.

997 Gibson, R.P., Turkenburg, J.P., Charnock, S.J., Lloyd, R., and Davies, G.J. (2002). Insights into
998                   trehalose synthesis provided by the structure of the retaining glucosyltransferase OtsA.
999                   Chemistry & biology 9, 1337-1346.

1000 Griest, W.H., Tyndall, R.L., Stewart, A.J., Caton, J.E., Vass, A.A., Ho, C.H., and Caldwell, W.M.
1001                   (1995). Chemical characterization and toxicological testing of windrow composts from
1002                   explosives-contaminated sediments. Environmental Toxicology and Chemistry 14, 51-59.

23



1003 Gründel, M., Scheunemann, R., Lockau, W., and Zilliges, Y. (2012). Impaired glycogen synthesis
1004                   causes metabolic overflow reactions and affects stress responses in the cyanobacterium
1005                   Synechocystis sp. PCC 6803. Microbiology 158, 3032-3043.

1006 Hagemann, M. (2011). Molecular biology of cyanobacterial salt acclimation. FEMS Microbiol Rev 35,
1007                   87-123.

1008 Hagemann, M. (2016). "Coping with high and variable salinity: molecular aspects of compatible solute
1009                   accumulation," in The Physiology of Microalgae, eds. M.A. Borowitzka, J. Beardall & J.A.
1010                   Raven. (Cham: Springer International Publishing), 359-372.

1011 Hagemann, M., and Marin, K. (1999). Salt-induced sucrose accumulation is mediated by sucrose-
1012                   phosphate-synthase in cyanobacteria. Journal of Plant Physiology 155, 424-430.

1013 Hao, F., Li, X., Wang, J., Li, R., Zou, L., Wang, K., Chen, F., Shi, F., Yang, H., Wang, W., and Tian,
1014                   M. (2022). Separation of Bioproducts through the Integration of Cyanobacterial Metabolism
1015                   and Membrane Filtration: Facilitating Cyanobacteria's Industrial Application. Membranes
1016                   (Basel) 12.

1017 Hays, S.G., and Ducat, D.C. (2015). Engineering cyanobacteria as photosynthetic feedstock factories.
1018                   Photosynthesis research 123, 285-295.

1019 Hays, S.G., Yan, L.L.W., Silver, P.A., and Ducat, D.C. (2017). Synthetic photosynthetic consortia
1020                   define interactions leading to robustness and photoproduction. Journal of biological
1021                   engineering 11, 4.

1022 Henry, C.S., Bernstein, H.C., Weisenhorn, P., Taylor, R.C., Lee, J.Y., Zucker, J., and Song, H.S.
1023                   (2016). Microbial community metabolic modeling: a community data-driven network
1024                   reconstruction. Journal of cellular physiology 231, 2339-2345.

1025 Hobmeier, K., Lowe, H., Liefeldt, S., Kremling, A., and Pfluger-Grau, K. (2020). A nitrate-blind P.
1026                   putida strain boosts PHA production in a synthetic mixed culture. Frontiers in bioengineering
1027                   and biotechnology 8, 486.

1028 Hoffmann, N., and Rehm, B.H. (2004). Regulation of polyhydroxyalkanoate biosynthesis in
1029                   Pseudomonas putida and Pseudomonas aeruginosa. FEMS microbiology letters 237, 1-7.

1030 Huang, C.H., Shen, C.R., Li, H., Sung, L.Y., Wu, M.Y., and Hu, Y.C. (2016). CRISPR interference
1031                   (CRISPRi) for gene regulation and succinate production in cyanobacterium S. elongatus PCC
1032                   7942. Microbial cell factories 15, 196.

1033      Jaiswal, D., Sahasrabuddhe, D., and Wangikar, P.P. (2022). Cyanobacteria as cell factories: the roles
1034                   of host and pathway engineering and translational research. Curr Opin Biotechnol 73, 314-322.

1035 Jiang, S.Y., Chi, Y.H., Wang, J.Z., Zhou, J.X., Cheng, Y.S., Zhang, B.L., Ma, A., Vanitha, J., and
1036                   Ramachandran, S. (2015). Sucrose metabolism gene families and their biological functions.
1037                   Scientific reports 5, 17583.

1038 Ju, K.S., and Parales, R.E. (2010). Nitroaromatic compounds, from synthesis to biodegradation.
1039                   Microbiol Mol Biol Rev 74, 250-272.

1040 Juttner, F. (1983). 14C-labeled metabolites in heterocysts and vegetative cells of Anabaena cylindrica
1041                   filaments and their presumptive function as transport vehicles of organic carbon and nitrogen.
1042                   Journal of bacteriology 155, 628-633.

1043      Kageyama, H., and Waditee-Sirisattha, R. (2022). "Chapter 9 - Osmoprotectant molecules in
1044                   cyanobacteria: Their basic features, biosynthetic regulations, and potential applications," in

24



1045 Cyanobacterial Physiology, eds. H. Kageyama & R. Waditee-Sirisattha. Academic Press), 113-
1046 123.

1047 Keshari, N., Gugger, M., Zhu, T., and Lu, X. (2019). Compatible solutes profiling and carbohydrate
1048                   feedstock from diversified cyanobacteria. Algal Research 43, 101637.

1049 Khan, M.I., Shin, J.H., and Kim, J.D. (2018). The promising future of microalgae: current status,
1050                   challenges, and optimization of a sustainable and renewable industry for biofuels, feed, and
1051                   other products. Microbial cell factories 17, 36.

1052 Khani-Juyabad, F., Mohammadi, P., and Zarrabi, M. (2022). Insights from cyanobacterial genomic and
1053                   transcriptomic analyses into adaptation strategies in terrestrial environments. Genomics 114,
1054                   110438.

1055 Kirsch, F., Klahn, S., and Hagemann, M. (2019). Salt-regulated accumulation of the compatible solutes
1056                   sucrose and glucosylglycerol in cyanobacteria and its biotechnological potential. Front
1057                   Microbiol 10, 2139.

1058 Kirsch, F., Luo, Q., Lu, X., and Hagemann, M. (2018). Inactivation of invertase enhances sucrose
1059                   production in the cyanobacterium Synechocystis sp. PCC 6803. Microbiology (Reading) 164,
1060                   1220-1228.

1061 Klähn, S., and Hagemann, M. (2011). Compatible solute biosynthesis in cyanobacteria. Environ
1062                   Microbiol 13, 551-562.

1063 Klähn, S., Steglich, C., Hess, W.R., and Hagemann, M. (2010). Glucosylglycerate: a secondary
1064                   compatible solute common to marine cyanobacteria from nitrogen-poor environments.
1065                   Environmental microbiology 12, 83-94.

1066 Knoot, C.J., Ungerer, J., Wangikar, P.P., and Pakrasi, H.B. (2018). Cyanobacteria: Promising
1067                   biocatalysts for sustainable chemical production. The Journal of biological chemistry 293,
1068                   5044-5052.

1069 Kokarakis, E.J., Rillema, R., Ducat, D.C., and Sakkos, J.K. (2022). Developing cyanobacterial quorum
1070                   sensing toolkits: toward interspecies coordination in mixed autotroph/heterotroph
1071                   communities. ACS synthetic biology.

1072 Kolman, M.A., Nishi, C.N., Perez-Cenci, M., and Salerno, G.L. (2015). Sucrose in cyanobacteria: from
1073                   a salt-response molecule to play a key role in nitrogen fixation. Life (Basel) 5, 102-126.

1074 Kolman, M.A., and Salerno, G.L. (2016). Sucrose in bloom-forming cyanobacteria: loss and gain of
1075                   genes involved in its biosynthesis. Environmental microbiology 18, 439-449.

1076 Kolman, M.A., Torres, L.L., Martin, M.L., and Salerno, G.L. (2012). Sucrose synthase in unicellular
1077                   cyanobacteria and its relationship with salt and hypoxic stress. Planta 235, 955-964.

1078 Konopka, A., Lindemann, S., and Fredrickson, J. (2015). Dynamics in microbial communities:
1079                   unraveling mechanisms to identify principles. ISME J 9, 1488-1495.

1080 Konstantinidis, D., Pereira, F., Geissen, E.M., Grkovska, K., Kafkia, E., Jouhten, P., Kim, Y.,
1081                   Devendran, S., Zimmermann, M., and Patil, K.R. (2021). Adaptive laboratory evolution of
1082                   microbial co-cultures for improved metabolite secretion. Mol Syst Biol 17, e10189.

1083 Kratz, W.A., and Myers, J. (1955). Nutrition and growth of several blue-green algae. Am J Bot 42, 282-
1084                   287.

25



1085 Kratzl, F., Kremling, A., and Pfluger-Grau, K. (2023). Streamlining of a synthetic co-culture towards
1086                   an individually controllable one-pot process for polyhydroxyalkanoate production from light
1087                   and CO2. Eng Life Sci 23, e2100156.

1088 Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: molecular evolutionary
1089                   genetics analysis across computing platforms. Mol Biol Evol 35, 1547-1549.

1090 Kurniah, N.I., Sawitri, W.D., Rohman, M.S., Nugraha, Y., Hase, T., and Sugiharto, B. (2021). Mutation
1091                   of UDP-glucose binding motif residues lead to increased affinity for ADP-glucose in sugarcane
1092                   sucrose phosphate synthase. Molecular biology reports 48, 1697-1706.

1093 Lairson, L.L., Henrissat, B., Davies, G.J., and Withers, S.G. (2008). Glycosyltransferases: structures,
1094                   functions, and mechanisms. Annual review of biochemistry 77, 521-555.

1095 Lee, J., Park, H.J., Moon, M., Lee, J.S., and Min, K. (2021). Recent progress and challenges in
1096                   microbial polyhydroxybutyrate (PHB) production from CO2 as a sustainable feedstock: A state-
1097                   of-the-art review. Bioresource technology 339, 125616.

1098 Lee, J.A., Kim, H.U., Na, J.-G., Ko, Y.-S., Cho, J.S., and Lee, S.Y. (2022). Factors affecting the
1099                   competitiveness of bacterial fermentation. Trends in Biotechnology.

1100 Leong, Y.K., Show, P.L., Ooi, C.W., Ling, T.C., and Lan, J.C. (2014). Current trends in
1101                   polyhydroxyalkanoates (PHAs) biosynthesis: insights from the recombinant Escherichia coli.
1102                   Journal of biotechnology 180, 52-65.

1103 Li, C., Wang, R., Wang, J., Liu, L., Li, H., Zheng, H., and Ni, J. (2022a). A highly compatible
1104                   phototrophic community for carbon-negative biosynthesis. Angewandte Chemie.

1105 Li, T., Li, C.T., Butler, K., Hays, S.G., Guarnieri, M.T., Oyler, G.A., and Betenbaugh, M.J. (2017).
1106                   Mimicking lichens: incorporation of yeast strains together with sucrose-secreting cyanobacteria
1107                   improves survival, growth, ROS removal, and lipid production in a stable mutualistic co-culture
1108                   production platform. Biotechnology for biofuels 10, 55.

1109 Li, X., Ding, M., Wang, M., Yang, S., Ma, X., Hu, J., Song, F., Wang, L., and Liang, W. (2022b).
1110                   Proteome profiling reveals changes in energy metabolism, transport and antioxidation during
1111                   drought stress in Nostoc flagelliforme. BMC Plant Biol 22, 162.

1112 Li, Y., Yao, Y., Yang, G., Tang, J., Ayala, G.J., Li, X., Zhang, W., Han, Q., Yang, T., Wang, H., Mayo,
1113                   K.H., and Su, J. (2020). Co-crystal structure of Thermosynechococcus elongatus sucrose
1114                   phosphate synthase with UDP and sucrose-6-phosphate provides insight into its mechanism of
1115                   action involving an oxocarbenium ion and the glycosidic bond. Front Microbiol 11, 1050.

1116 Liang, C., Zhang, X., Chi, X., Guan, X., Li, Y., Qin, S., and Shao, H.B. (2011). Serine/threonine protein
1117                   kinase SpkG is a candidate for high salt resistance in the unicellular cyanobacterium
1118                   Synechocystis sp. PCC 6803. PLoS One 6, e18718.

1119 Liang, Y., Zhang, M., Wang, M., Zhang, W., Qiao, C., Luo, Q., and Lu, X. (2020). Freshwater
1120                   cyanobacterium Synechococcus elongatus PCC 7942 adapts to an environment with salt stress
1121                   via ion-induced enzymatic balance of compatible solutes. Appl Environ Microbiol 86.

1122 Lin, P.C., and Pakrasi, H.B. (2019). Engineering cyanobacteria for production of terpenoids. Planta
1123                   249, 145-154.

1124 Lin, P.C., Zhang, F., and Pakrasi, H.B. (2020a). Enhanced production of sucrose in the fast-growing
1125                   cyanobacterium Synechococcus elongatus UTEX 2973. Scientific reports 10, 390.

26



1126 Lin,
1127
1128

T.Y., Wen, R.C., Shen, C.R., and Tsai, S.L. (2020b). Biotransformation of 5-
hydroxymethylfurfural to 2,5-furandicarboxylic acid by a syntrophic consortium of engineered
Synechococcus elongatus and Pseudomonas putida. Biotechnology journal 15, e1900357.

1129 Liu, Y., and Nielsen, J. (2019). Recent trends in metabolic engineering of microbial chemical factories.
1130                   Current opinion in biotechnology 60, 188-197.

1131 López-Igual, R., Flores, E., and Herrero, A. (2010). Inactivation of a heterocyst-specific invertase
1132                   indicates a principal role of sucrose catabolism in heterocysts of Anabaena sp. Journal of
1133                   bacteriology 192, 5526-5533.

1134 Löwe, H., Hobmeier, K., Moos, M., Kremling, A., and Pfluger-Grau, K. (2017). Photoautotrophic
1135                   production of polyhydroxyalkanoates in a synthetic mixed culture of Synechococcus elongatus
1136                   cscB and Pseudomonas putida cscAB. Biotechnology for biofuels 10, 190.

1137      Löwe, H., Sinner, P., Kremling, A., and Pfluger-Grau, K. (2020). Engineering sucrose metabolism in
1138                   Pseudomonas putida highlights the importance of porins. Microbial biotechnology 13, 97-106.

1139 Lu, Z., Dunaway-Mariano, D., and Allen, K.N. (2005). HAD superfamily phosphotransferase substrate
1140                   diversification: structure and function analysis of HAD subclass IIB sugar phosphatase
1141                   BT4131. Biochemistry 44, 8684-8696.

1142 Luan, G., Zhang, S., Wang, M., and Lu, X. (2019). Progress and perspective on cyanobacterial
1143                   glycogen metabolism engineering. Biotechnology advances 37, 771-786.

1144 Lunn, J.E. (2002). Evolution of sucrose synthesis. Plant Physiol 128, 1490-1500.

1145 Lunn, J.E., and Ap Rees, T. (1990). Apparent equilibrium constant and mass-action ratio for sucrose-
1146                   phosphate synthase in seeds of Pisum sativum. The Biochemical journal 267, 739-743.

1147 Lunn, J.E., Ashton, A.R., Hatch, M.D., and Heldt, H.W. (2000). Purification, molecular cloning, and
1148                   sequence analysis of sucrose-6F-phosphate phosphohydrolase from plants. Proc Natl Acad Sci
1149                   U S A 97, 12914-12919.

1150 Lunn, J.E., Price, G.D., and Furbank, R.T. (1999). Cloning and expression of a prokaryotic sucrose-
1151                   phosphate synthase gene from the cyanobacterium Synechocystis sp. PCC 6803. Plant
1152                   molecular biology 40, 297-305.

1153 Ma, J., Guo, T., Ren, M., Chen, L., Song, X., and Zhang, W. (2022). Cross-feeding between
1154                   cyanobacterium Synechococcus and Escherichia coli in an artificial autotrophic-heterotrophic
1155                   coculture system revealed by integrated omics analysis. Biotechnology for biofuels and
1156                   bioproducts 15, 69.

1157 Ma, P., Zhang, X., Chen, L., Zhao, Q., Zhang, Q., Hua, X., Wang, Z., Tang, H., Yu, Q., Zhang, M.,
1158                   Ming, R., and Zhang, J. (2020). Comparative analysis of sucrose phosphate synthase (SPS)
1159                   gene family between Saccharum officinarum and Saccharum spontaneum. BMC plant biology
1160                   20, 422.

1161 Mackay, M.A., Norton, R.S., and Borowitzka, L.J. (1984). Organic osmoregulatory solutes in
1162                   cyanobacteria. Microbiology 130, 2177-2191.

1163 Marin, K., Huckauf, J., Fulda, S., and Hagemann, M. (2002). Salt-dependent expression of
1164                   glucosylglycerol-phosphate synthase, involved in osmolyte synthesis in the cyanobacterium
1165                   Synechocystis sp. strain PCC 6803. Journal of bacteriology 184, 2870-2877.

1166 Martinez-Noël, G.M., Cumino, A.C., Kolman Mde, L., and Salerno, G.L. (2013). First evidence of
1167                   sucrose biosynthesis by single cyanobacterial bimodular proteins. FEBS Lett 587, 1669-1674.

27



1168 Mezzina, M.P., Manoli, M.T., Prieto, M.A., and Nikel, P.I. (2021). Engineering native and synthetic
1169                   pathways in Pseudomonas putida for the production of tailored polyhydroxyalkanoates.
1170                   Biotechnology journal 16, e2000165.

1171 Morone, J., Alfeus, A.A., Vasconcelos, V., and Martins, R. (2019). Revealing the potential of
1172                   cyanobacteria in cosmetics and cosmeceuticals - A new bioactive approach. Algal Research 41,
1173                   101541.

1174 Moronta-Barrios, F., Espinosa, J., and Contreras, A. (2013). Negative control of cell size in the
1175                   cyanobacterium Synechococcus elongatus PCC 7942 by the essential response regulator RpaB.
1176                   FEBS letters 587, 504-509.

1177 Morris, J.J. (2015). Black Queen evolution: the role of leakiness in structuring microbial communities.
1178                   Trends in genetics : TIG 31, 475-482.

1179 Morris, J.J., Johnson, Z.I., Szul, M.J., Keller, M., and Zinser, E.R. (2011). Dependence of the
1180                   cyanobacterium Prochlorococcus on hydrogen peroxide scavenging microbes for growth at the
1181                   ocean's surface. PLoS One 6, e16805.

1182 Nadeem, H., Rashid, M.H., Siddique, M.H., Azeem, F., Muzammil, S., Javed, M.R., Ali, M.A., Rasul,
1183                   I., and Riaz, M. (2015). Microbial invertases: A review on kinetics, thermodynamics,
1184                   physiochemical properties. Process Biochemistry 50, 1202-1210.

1185 Nagarajan, D., Lee, D.J., Kondo, A., and Chang, J.S. (2016). Recent insights into biohydrogen
1186                   production by microalgae - From biophotolysis to dark fermentation. Bioresour Technol.

1187 Nangle, S.N., Ziesack, M., Buckley, S., Trivedi, D., Loh, D.M., Nocera, D.G., and Silver, P.A. (2020).
1188                   Valorization of CO2     through lithoautotrophic production of sustainable chemicals in
1189                   Cupriavidus necator. Metabolic engineering 62, 207-220.

1190 Niederholtmeyer, H., Wolfstadter, B.T., Savage, D.F., Silver, P.A., and Way, J.C. (2010). Engineering
1191                   cyanobacteria to synthesize and export hydrophilic products. Appl Environ Microbiol 76, 3462-
1192                   3466.

1193 Nürnberg, D.J., Mariscal, V., Bornikoel, J., Nieves-Morión, M., Krauss, N., Herrero, A., Maldener, I.,
1194                   Flores, E., and Mullineaux, C.W. (2015). Intercellular diffusion of a fluorescent sucrose analog
1195                   via the septal junctions in a filamentous cyanobacterium. mBio 6, e02109.

1196 Ogawa, T., Bao, D.H., Katoh, H., Shibata, M., Pakrasi, H.B., and Bhattacharyya-Pakrasi, M. (2002).
1197                   A two-component signal transduction pathway regulates manganese homeostasis in
1198                   Synechocystis 6803, a photosynthetic organism. The Journal of biological chemistry 277,
1199                   28981-28986.

1200 Ortiz-Reyes, E., and Anex, R.P. (2022). Economic and environmental performance of non-cellulosic
1201                   fermentable carbohydrates production for biofuels and chemicals. J Clean Prod 353, 131526.

1202 Pade, N., and Hagemann, M. (2014). Salt acclimation of cyanobacteria and their application in
1203                   biotechnology. Life 5, 25-49.

1204 Page-Sharp, M., Behm, C.A., and Smith, G.D. (1999). Involvement of the compatible solutes trehalose
1205                   and sucrose in the response to salt stress of a cyanobacterial Scytonema species isolated from
1206                   desert soils. Biochimica et biophysica acta 1472, 519-528.

1207 Pereira, L., and Alves, M. (2012). "Dyes - Environmental Impact and Remediation," in Environmental
1208                   Protection Strategies for Sustainable Development, eds. A. Malik & E. Grohmann. (Dordrecht:
1209                   Springer Netherlands), 111-162.

28



1210 Perez-Cenci, M., and Salerno, G.L. (2014). Functional characterization of Synechococcus
1211                   amylosucrase and fructokinase encoding genes discovers two novel actors on the stage of
1212                   cyanobacterial sucrose metabolism. Plant Sci 224, 95-102.

1213 Pettersen, E.F., Goddard, T.D., Huang, C.C., Meng, E.C., Couch, G.S., Croll, T.I., Morris, J.H., and
1214                   Ferrin, T.E. (2021). UCSF ChimeraX: Structure visualization for researchers, educators, and
1215                   developers. Protein Sci 30, 70-82.

1216 Ponomarova, O., and Patil, K.R. (2015). Metabolic interactions in microbial communities: untangling
1217                   the Gordian knot. Curr Opin Microbiol 27, 37-44.

1218 Porchia, A.C., Curatti, L., and Salerno, G.L. (1999). Sucrose metabolism in cyanobacteria: sucrose
1219                   synthase from Anabaena sp. strain PCC 7119 is remarkably different from the plant enzymes
1220                   with respect to substrate affinity and amino-terminal sequence. Planta 210, 34-40.

1221 Porchia, A.C., and Salerno, G.L. (1996). Sucrose biosynthesis in a prokaryotic organism: Presence of
1222                   two sucrose-phosphate synthases in Anabaena with remarkable differences compared with the
1223                   plant enzymes. Proc Natl Acad Sci U S A 93, 13600-13604.

1224 Potocki De Montalk, G., Remaud-Simeon, M., Willemot, R.M., Sarcabal, P., Planchot, V., and
1225                   Monsan, P. (2000). Amylosucrase from Neisseria polysaccharea: novel catalytic properties.
1226                   FEBS letters 471, 219-223.

1227 Prabha, S., Vijay, A.K., Paul, R.R., and George, B. (2022). Cyanobacterial biorefinery: Towards
1228                   economic feasibility through the maximum valorization of biomass. The Science of the total
1229                   environment 814, 152795.

1230 Qiao, C., Duan, Y., Zhang, M., Hagemann, M., Luo, Q., and Lu, X. (2018). Effects of reduced and
1231                   enhanced glycogen pools on salt-induced sucrose production in a sucrose-secreting strain of
1232                   Synechococcus elongatus PCC 7942. Applied and environmental microbiology 84.

1233 Qiao, C., Zhang, M., Luo, Q., and Lu, X. (2019). Identification of two two-component signal
1234                   transduction mutants with enhanced sucrose biosynthesis in Synechococcus elongatus PCC
1235                   7942. Journal of basic microbiology 59, 465-476.

1236 Radakovits, R., Jinkerson, R.E., Darzins, A., and Posewitz, M.C. (2010). Genetic engineering of algae
1237                   for enhanced biofuel production. Eukaryotic cell 9, 486-501.

1238      Rafieenia, R., Atkinson, E., and Ledesma-Amaro, R. (2022). Division of labor for substrate utilization
1239                   in natural and synthetic microbial communities. Current opinion in biotechnology 75, 102706.

1240 Rajeev, L., Da Rocha, U.N., Klitgord, N., Luning, E.G., Fortney, J., Axen, S.D., Shih, P.M., Bouskill,
1241                   N.J., Bowen, B.P., Kerfeld, C.A., Garcia-Pichel, F., Brodie, E.L., Northen, T.R., and
1242                   Mukhopadhyay, A. (2013). Dynamic cyanobacterial response to hydration and dehydration in
1243                   a desert biological soil crust. ISME J 7, 2178-2191.

1244 Reed, R.H., Richardson, D.L., Warr, S.R.C., and Stewart, W.D.P. (1984). Carbohydrate accumulation
1245                   and osmotic stress in cyanobacteria. Microbiology 130, 1-4.

1246 Reed, R.H., and Stewart, W.D.P. (1985). Osmotic adjustment and organic solute accumulation in
1247                   unicellular cyanobacteria from freshwater and marine habitats. Marine Biology 88, 1-9.

1248 Sabri, S., Nielsen, L.K., and Vickers, C.E. (2013). Molecular control of sucrose utilization in
1249                   Escherichia coli W, an efficient sucrose-utilizing strain. Applied and environmental
1250                   microbiology 79, 478-487.

29



1251 Sahin-Tóth, M., and Kaback, H.R. (2000). Functional conservation in the putative substrate binding
1252                   site of the sucrose permease from Escherichia coli. Biochemistry 39, 6170-6175.

1253 Sakkos, J.K., Santos-Merino, M., Kokarakis, E.J., Li, B., Fuentes-Cabrera, M., Zuliani, P., and Ducat,
1254                   D.C. (2022). Predicting partner fitness based on spatial structuring in a light-driven microbial
1255                   community. bioRxiv, 2022.2009.2028.510001.

1256 Salerno, G.L., and Curatti, L. (2003). Origin of sucrose metabolism in higher plants: when, how and
1257                   why? Trends Plant Sci 8, 63-69.

1258 Salerno, G.L., Porchia, A.a.C., Vargas, W.A., and Abdian, P.L. (2004). Fructose-containing
1259                   oligosaccharides: novel compatible solutes in Anabaena cells exposed to salt stress. Plant
1260                   Science 167, 1003-1008.

1261      Santos-Merino, M., Singh, A.K., and Ducat, D.C. (2019). New applications of synthetic biology tools
1262                   for cyanobacterial metabolic engineering. Frontiers in bioengineering and biotechnology 7, 33.

1263 Santos-Merino, M., Singh, A.K., and Ducat, D.C. (2021a). "Sink engineering in photosynthetic
1264                   microbes," in Cyanobacteria Biotechnology.), 171-209.

1265 Santos-Merino, M., Torrado, A., Davis, G.A., Rottig, A., Bibby, T.S., Kramer, D.M., and Ducat, D.C.
1266                   (2021b). Improved photosynthetic capacity and photosystem I oxidation via heterologous
1267                   metabolism engineering in cyanobacteria. Proc Natl Acad Sci U S A 118.

1268 Sanz Smachetti, M.E., Coronel, C.D., Salerno, G.L., and Curatti, L. (2020). Sucrose-to-ethanol
1269                   microalgae-based platform using seawater. Algal Research 45, 101733.

1270 Savakis, P., and Hellingwerf, K.J. (2015). Engineering cyanobacteria for direct biofuel production from
1271                   CO2. Curr Opin Biotechnol 33, 8-14.

1272 Schilling, N., and Ehrnsperger, K. (1985). Cellular differentiation of sucrose metabolism in Anabaena
1273                   variabilis. Zeitschrift für Naturforschung C 40, 776-779.

1274      Scott, S.A., Davey, M.P., Dennis, J.S., Horst, I., Howe, C.J., Lea-Smith, D.J., and Smith, A.G. (2010).
1275                   Biodiesel from algae: challenges and prospects. Current opinion in biotechnology 21, 277-286.

1276 Shinde, S., Zhang, X., Singapuri, S.P., Kalra, I., Liu, X., Morgan-Kiss, R.M., and Wang, X. (2020).
1277                   Glycogen metabolism supports photosynthesis start through the oxidative pentose phosphate
1278                   pathway in cyanobacteria. Plant physiology 182, 507-517.

1279 Shoumskaya, M.A., Paithoonrangsarid, K., Kanesaki, Y., Los, D.A., Zinchenko, V.V., Tanticharoen,
1280                   M., Suzuki, I., and Murata, N. (2005). Identical Hik-Rre systems are involved in perception and
1281                   transduction of salt signals and hyperosmotic signals but regulate the expression of individual
1282                   genes to different extents in Synechocystis. J Biol Chem 280, 21531-21538.

1283 Singh, A.K., Santos-Merino, M., Sakkos, J.K., Walker, B.J., and Ducat, D.C. (2022). Rubisco
1284                   regulation in response to altered carbon status in the cyanobacterium Synechococcus elongatus
1285                   PCC 7942. Plant physiology 189, 874-888.

1286 Skov, L.K., Mirza, O., Henriksen, A., De Montalk, G.P., Remaud-Simeon, M., Sarcabal, P., Willemot,
1287                   R.M., Monsan, P., and Gajhede, M. (2001). Amylosucrase, a glucan-synthesizing enzyme from
1288                   the alpha-amylase family. The Journal of biological chemistry 276, 25273-25278.

1289 Smith, M.J., and Francis, M.B. (2016). A designed A. vinelandii-S. elongatus coculture for chemical
1290                   photoproduction from air, water, phosphate, and trace metals. ACS synthetic biology 5, 955-1291
961.

30



1292 Smith, M.J., and Francis, M.B. (2017). Improving metabolite production in microbial co-cultures using
1293                   a spatially constrained hydrogel. Biotechnology and bioengineering 114, 1195-1200.

1294 Song, H.S., Renslow, R.S., Fredrickson, J.K., and Lindemann, S.R. (2015). Integrating ecological and
1295                   engineering concepts of resilience in microbial communities. Front Microbiol 6, 1298.

1296      Song, K., Tan, X., Liang, Y., and Lu, X. (2016). The potential of Synechococcus elongatus UTEX
1297                   2973 for sugar feedstock production. Applied microbiology and biotechnology 100, 7865-7875.

1298 Sturm, A. (1999). Invertases. Primary structures, functions, and roles in plant development and sucrose
1299                   partitioning. Plant physiology 121, 1-8.

1300 Su, Y., Song, K., Zhang, P., Su, Y., Cheng, J., and Chen, X. (2017). Progress of microalgae biofuels'
1301                   commercialization. Renew Sustain Energy Rev. 74, 402-411.

1302 Sun, Z., Dzakpasu, M., Zhao, L., Wang, Z., Zhang, D., Qu, M., Chen, R., Wang, X.C., and Zheng, Y.
1303                   (2022). Enhancement of partial denitrification-anammox pathways in constructed wetlands by
1304                   plant-based external carbon sources. Journal of Cleaner Production 370, 133581.

1305 Suzuki, E., Ohkawa, H., Moriya, K., Matsubara, T., Nagaike, Y., Iwasaki, I., Fujiwara, S., Tsuzuki,
1306                   M., and Nakamura, Y. (2010). Carbohydrate metabolism in mutants of the cyanobacterium
1307                   Synechococcus elongatus PCC 7942 defective in glycogen synthesis. Applied and
1308                   environmental microbiology 76, 3153-3159.

1309 Tanabe, Y., Hodoki, Y., Sano, T., Tada, K., and Watanabe, M.M. (2018). Adaptation of the freshwater
1310                   bloom-forming cyanobacterium Microcystis aeruginosa to brackish water is driven by recent
1311                   horizontal transfer of sucrose genes. Frontiers in microbiology 9, 1150.

1312 Tanabe, Y., Yamaguchi, H., Sano, T., and Kawachi, M. (2019). A novel salt-tolerant genotype
1313                   illuminates the sucrose gene evolution in freshwater bloom-forming cyanobacterium
1314                   Microcystis aeruginosa. FEMS microbiology letters 366.

1315 Tauzin, A.S., and Giardina, T. (2014). Sucrose and invertases, a part of the plant defense response to
1316                   the biotic stresses. Frontiers in plant science 5, 293.

1317 Thiel, K., Patrikainen, P., Nagy, C., Fitzpatrick, D., Pope, N., Aro, E.M., and Kallio, P. (2019).
1318                   Redirecting photosynthetic electron flux in the cyanobacterium Synechocystis sp. PCC 6803 by
1319                   the deletion of flavodiiron protein Flv3. Microbial cell factories 18, 189.

1320 Toth, G.S., Siitonen, V., Nikkanen, L., Sovic, L., Kallio, P., Kourist, R., Kosourov, S., and
1321                   Allahverdiyeva, Y. (2022). Photosynthetically produced sucrose by immobilized Synechocystis
1322                   sp. PCC 6803 drives biotransformation in E. coli. Biotechnology for biofuels and bioproducts
1323                   15, 146.

1324 Tsuge, Y., Kawaguchi, H., Sasaki, K., and Kondo, A. (2016). Engineering cell factories for producing
1325                   building block chemicals for bio-polymer synthesis. Microbial cell factories 15, 19.

1326 Vadyvaloo, V., Smirnova, I.N., Kasho, V.N., and Kaback, H.R. (2006). Conservation of residues
1327                   involved in sugar/H(+) symport by the sucrose permease of Escherichia coli relative to lactose
1328                   permease. Journal of molecular biology 358, 1051-1059.

1329 Vargas, W., Cumino, A., and Salerno, G.L. (2003). Cyanobacterial alkaline/neutral invertases. Origin
1330                   of sucrose hydrolysis in the plant cytosol? Planta 216, 951-960.

1331 Vargas, W.A., Nishi, C.N., Giarrocco, L.E., and Salerno, G.L. (2011). Differential roles of
1332                   alkaline/neutral invertases in Nostoc sp. PCC 7120: Inv-B isoform is essential for diazotrophic
1333                   growth. Planta 233, 153-162.

31



1334 Vargas, W.A., and Salerno, G.L. (2010). The Cinderella story of sucrose hydrolysis: Alkaline/neutral
1335                   invertases, from cyanobacteria to unforeseen roles in plant cytosol and organelles. Plant
1336                   Science 178, 1-8.

1337 Wan, H., Wu, L., Yang, Y., Zhou, G., and Ruan, Y.L. (2018). Evolution of sucrose metabolism: the
1338                   dichotomy of invertases and beyond. Trends in plant science 23, 163-177.

1339 Wang, L., Lei, X., Yang, J., Wang, S., Liu, Y., and Liang, W. (2018). Comparative transcriptome
1340                   analysis reveals that photosynthesis contributes to drought tolerance of Nostoc flagelliforme
1341                   (Nostocales, Cyanobacteria). Phycologia 57, 113-120.

1342 Wang, L., Zhang, X., Tang, C., Li, P., Zhu, R., Sun, J., Zhang, Y., Cui, H., Ma, J., Song, X., Zhang,
1343                   W., Gao, X., Luo, X., You, L., Chen, Y., and Dai, Z. (2022). Engineering consortia by
1344                   polymeric microbial swarmbots. Nature communications 13, 3879.

1345 Wang, W., Kim, R., Jancarik, J., Yokota, H., and Kim, S.H. (2001). Crystal structure of phosphoserine
1346                   phosphatase from Methanococcus jannaschii, a hyperthermophile, at 1.8 A resolution.
1347                   Structure 9, 65-71.

1348 Waterhouse, A.M., Procter, J.B., Martin, D.M., Clamp, M., and Barton, G.J. (2009). Jalview Version
1349                   2--a multiple sequence alignment editor and analysis workbench. Bioinformatics 25, 1189-1350
1191.

1351 Weiss, T.L., Young, E.J., and Ducat, D.C. (2017). A synthetic, light-driven consortium of
1352                   cyanobacteria and heterotrophic bacteria enables stable polyhydroxybutyrate production.
1353                   Metabolic engineering 44, 236-245.

1354 Wendisch, V.F., Jorge, J.M.P., Perez-Garcia, F., and Sgobba, E. (2016). Updates on industrial
1355                   production of amino acids using Corynebacterium glutamicum. World journal of microbiology
1356                   & biotechnology 32, 105.

1357 Werner, G.D., Strassmann, J.E., Ivens, A.B., Engelmoer, D.J., Verbruggen, E., Queller, D.C., Noe, R.,
1358                   Johnson, N.C., Hammerstein, P., and Kiers, E.T. (2014). Evolution of microbial markets. Proc
1359                   Natl Acad Sci U S A 111, 1237-1244.

1360 Whitton, B.A., and Potts, M. (2002). "Introduction to the Cyanobacteria," in The Ecology of
1361                   Cyanobacteria: Their Diversity in Time and Space, eds. B.A. Whitton & M. Potts. (Dordrecht:
1362                   Springer Netherlands), 1-11.

1363 Winter, H., and Huber, S.C. (2000). Regulation of sucrose metabolism in higher plants: localization
1364                   and regulation of activity of key enzymes. Crit Rev Biochem Mol Biol 35, 253-289.

1365 Wu, S., Snajdrova, R., Moore, J.C., Baldenius, K., and Bornscheuer, U.T. (2021). Biocatalysis:
1366                   enzymatic synthesis for industrial applications. Angewandte Chemie 60, 88-119.

1367 Xie, J., Cai, K., Hu, H.X., Jiang, Y.L., Yang, F., Hu, P.F., Cao, D.D., Li, W.F., Chen, Y., and Zhou,
1368                   C.Z. (2016). Structural analysis of the catalytic mechanism and substrate specificity of
1369                   Anabaena alkaline invertase InvA reveals a novel glucosidase. J Biol Chem 291, 25667-25677.

1370 Xie, J., Hu, H.X., Cai, K., Xia, L.Y., Yang, F., Jiang, Y.L., Chen, Y., and Zhou, C.Z. (2018). Structural
1371                   and enzymatic analyses of Anabaena heterocyst-specific alkaline invertase InvB. FEBS letters
1372                   592, 1589-1601.

1373 Xu, Y., Guerra, L.T., Li, Z., Ludwig, M., Dismukes, G.C., and Bryant, D.A. (2013). Altered
1374                   carbohydrate metabolism in glycogen synthase mutants of Synechococcus sp. strain PCC 7002:
1375                   Cell factories for soluble sugars. Metabolic engineering 16, 56-67.

32



1376 Yamaguchi, K., Suzuki, I., Yamamoto, H., Lyukevich, A., Bodrova, I., Los, D.A., Piven, I., Zinchenko,
1377                   V., Kanehisa, M., and Murata, N. (2002). A two-component Mn2+-sensing system negatively
1378                   regulates expression of the mntCAB operon in Synechocystis. The Plant cell 14, 2901-2913.

1379 Yu, J., Liberton, M., Cliften, P.F., Head, R.D., Jacobs, J.M., Smith, R.D., Koppenaal, D.W., Brand,
1380                   J.J., and Pakrasi, H.B. (2015). Synechococcus elongatus UTEX 2973, a fast growing
1381                   cyanobacterial chassis for biosynthesis using light and CO2. Scientific reports 5, 8132.

1382 Zhang, L., Chen, L., Diao, J., Song, X., Shi, M., and Zhang, W. (2020). Construction and analysis of
1383                   an artificial consortium based on the fast-growing cyanobacterium Synechococcus elongatus
1384                   UTEX 2973 to produce the platform chemical 3-hydroxypropionic acid from CO2.
1385                   Biotechnology for biofuels 13, 82.

1386 Zhang, S., Sun, H., Sun, J., Luo, Q., Luan, G., and Lu, X. (2021). "Engineering cyanobacteria cell
1387                   Factories for photosynthetic production of sucrose," in Ecophysiology and Biochemistry of
1388                   Cyanobacteria, ed. R.P. Rastogi. (Singapore: Springer Nature Singapore), 373-399.

1389 Zhao, R., Sengupta, A., Tan, A.X., Whelan, R., Pinkerton, T., Menasalvas, J., Eng, T., Mukhopadhyay,
1390                   A., Jun, Y.S., Pakrasi, H.B., and Tang, Y.J. (2022). Photobiological production of high-value
1391                   pigments via compartmentalized co-cultures using Ca-alginate hydrogels. Sci Rep 12, 22163.

1392 Zhong, C. (2020). Industrial-scale production and applications of bacterial cellulose. Frontiers in
1393                   bioengineering and biotechnology 8, 605374.

1394 Zhu, H., Xu, L., Luan, G., Zhan, T., Kang, Z., Li, C., Lu, X., Zhang, X., Zhu, Z., Zhang, Y., and Li, Y.
1395                   (2022). A miniaturized bionic ocean-battery mimicking the structure of marine microbial
1396                   ecosystems. Nature communications 13, 5608.

1397 Zorina, A., Sinetova, M.A., Kupriyanova, E.V., Mironov, K.S., Molkova, I., Nazarenko, L.V.,
1398                   Zinchenko, V.V., and Los, D.A. (2016). Synechocystis mutants defective in manganese uptake
1399                   regulatory system, ManSR, are hypersensitive to strong light. Photosynthesis research 130, 11-
1400                   17.

1401 Zuñiga, C., Li, T., Guarnieri, M.T., Jenkins, J.P., Li, C.T., Bingol, K., Kim, Y.M., Betenbaugh, M.J.,
1402                   and Zengler, K. (2020). Synthetic microbial communities of heterotrophs and phototrophs
1403                   facilitate sustainable growth. Nature communications 11, 3803.

1404

1405

33



1406

1407 Figure 1. An overview of sucrose synthesis and degradation pathways in cyanobacteria. The
1408 sucrose synthesis pathway is represented in green; the degradation pathways are represented in pink,
1409 blue, and yellow. AMS, amylosucrase; GlgA, glycogen synthase; GlgB, glycogen branching enzyme;
1410 GlgC, ADP-glucose pyrophosphorylase; GlgP, glycogen phosphorylase; INV, invertase; PGI,
1411 phosphoglucose isomerase; PGM, phosphoglucomutase; SPP, sucrose phosphate phosphatase; SPS,
1412 sucrose phosphate synthase; SuS, sucrose synthase; UGP, UDP-glucose pyrophosphorylase.
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1413

1414 Figure 2. Conserved domains and motifs of SPS, SPP, and SuS among cyanobacterial species.
1415 (A) Schematic cartoon representing the domainal arrangements and the motifs present in SPS, SPP,
1416 and SuS. The glucosyl-transferase domain (GTD) is represented in green, while the phosphohydrolase
1417 domain (PHD) is represented in purple. The extended N-terminal domain found in SuS is represented
1418 in blue. GTD and PHD domains contain two and three conserved motifs, respectively. Logos for these
1419 conserved motifs were obtained using the WebLogo server (Crooks et al., 2004). (B) Multiple sequence
1420 alignment analysis of the deduced amino acid sequences for the three motifs present in the PHD
1421 domain. The alignment was performed using MEGA X (Kumar et al., 2018) and visualized with the
1422 Jalview multiple sequence alignment editor using the color scheme from ClustalX. (Waterhouse et al.,
1423 2009). The asterisks indicate conserved residues that are mutated in the PHD domain in the sequences
1424 of cyanobacterial SPS bidomainal proteins relative to unidomainal homologs. (C) Crystal structure of
1425 the SPS from T. vestivus (PDB: 6KIH) and the SPP from Synechocystis sp. PCC 6803 (PDB: 1U2T)
1426 highlighting the motifs indicated in Figure 2A and the residues involved in binding to their respective
1427 substrates (top) and a zoom-in of the catalytic centers of each enzyme (bottom). In the SPS (left panel),
1428 the residues R105, R178, R249 and R253 stabilize phosphate group of S6P; R249 and R253 stabilize
1429 the phosphate group of UDP; and H158 and E331 form hydrogen bonds with the 6-OH and 3-OH
1430 groups of glucose, respectively (Li et al., 2020). In the SPP (right panel), the residues Q107, K116, and
1431 N189 binds to S6P by hydrogen bonds in the glucose ring (Fieulaine et al., 2005). Figures were
1432 prepared with ChimeraX (Pettersen et al., 2021).
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1433

1434 Figure 3. Primary structure and motifs of SPP-like proteins in cyanobacteria. (A) Schematic
1435 cartoon representing the motifs present in SPP-like proteins. Logos for these conserved motifs were
1436 generated using WebLogo server (Crooks et al., 2004). (B) Multiple sequence alignment analysis of
1437 amino acid sequences for three motifs found in SPP-like proteins, with asterisks denoting residues
1438 mutated in comparison with conserved sequence of cyanobacterial SPPs. (C) Multiple sequence
1439 alignment analysis of a region of amino acid residues beween motif II and motif III previously
1440 implicated in S6P binding to SPP proteins. Asterisks indicate residues directly binding to the glucose
1441 ring of the S6P molecule by hydrogen bonds in a crystal structure reference (Li et al., 2020). The
1442 alignments in (B) and (C) were performed using MEGA X (Kumar et al., 2018) and visualized with
1443 the Jalview multiple sequence alignment editor using the color scheme from ClustalX. (Waterhouse et
1444 al., 2009).
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1445

1446 Figure 4. Phylogenetic analysis of SPP-like proteins encoded within different cyanobacterial
1447 species. SPP proteins are indicated by SPP followed by the name of the strain, whereas SPP-like are
1448 indicated only by the name of the strain. Unrooted neighbor-joining phylogenetic trees were
1449 constructed after sequence alignment of the SPP and SPP-like proteins using ClustalX with a
1450 BLOSSUM matrix and a bootstrap trial of 1000. The graphical representation of the tree was generated
1451 using FigTree. Sequences were obtained from the non-redundant protein databases of the National
1452 Center for Biotechnology Information by BLAST searches. An extended version of this phylogenetic
1453 tree including all species names is available as Supplementary Figure S1.
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1454 Table 1. Productivity and genetic modifications of sucrose-producing cyanobacteria.

Speciesa

Syn7002

Syn6803

Syn7942

Syn7942

Syn7942

Syn6803

Syn7942

Syn6803

Syn7942

Syn7942

Syn7942

Syn7942

Syn2973

Syn7942

Syn7942

Syn2973

Overexpressedb*

−

−

cscB, sps6803, spp6803, ugp

sps6803, spp6803, ugp

cscB

cscB, sps7942

−

−

cscB, sps6803

cscB, sps6803, glgP

cscB, sps6803

cscB, sps7942, glgC

cscB, sps6803, spp6803, ugp

cscB

cscB

cscB

cscB, sps6803

cscB

cscB

cscB

cscB, sps6803, rpaB

cscB, sps6803, spp6803

Downregulatedc

−

glgA-I, glgA-II

ggpS, ggtCD

ggpS

−

−

Synpcc7942_1125

manR (Synpcc7942_1404)

−

−

ggpS

−

invA (sll0626), ggpS, ggtCD

−

−

−

−

−

−

invA, glgC

−

−

Maximum Productivityd

24 mol 10-17 cellse

71 mol 10-17 cellse

0.69 mg L-1 h-1 f

3.1 mg L-1 h-1 f

3.6 mg gDW-1 h-1

6.2 mg gDW-1 h-1

5.9 mg L-1 OD730-1 h-1 e

6.7 mg L-1 OD730-1 h-1 e

5.6 mg L-1 h-1

6.9 mg L-1 h-1

6.3 mg L-1 h-1

8 mg L-1 h-1

10.1 mg L-1 h-1

10.4 mg L-1 h-1

11 mg L-1 h-1

16.7 mg L-1 h-1

30 mg L-1 h-1

24.6 mg L-1 h-1

35.5 mg L-1 h-1

28 mg L-1 h-1

36.1 mg L-1 h-1

48 mg L-1 h-1

22.2 mg L-1 h-1

47.2 mg L-1 h-1

Salt for SPS

1 M NaCl

1 M NaCl

400 mM NaCl

600 mM NaCl

200 mM NaCl

200 mM NaCl

150 mM NaCl

150 mM NaCl

−

−

400 mM NaCl

150 mM NaCl

200 mM NaCl

150 mM NaCl

150 mM NaCl

106 mM NaCl

−

150 mM KCl

150 mM NaCl

150 mM NaCl

150 mM NaCl

−

−

−

Sucrose promoter

−

−

PpetE

PpetE

−

Ptrc

−

−

PcpcB

PcpcB

Ptrc

Ptrc

PpetE

−

−

−

Ptrc

−

−

−

−

Ptrc

Ptrc1O, induced

Ptrc1O, uninduced

Reference

(Xu et al., 2013)

(Du et al., 2013)

(Duan et al., 2016)

(Qiao et al., 2019)

(Dan et al., 2022)

(Thiel et al., 2019)

(Qiao et al., 2018)

(Kirsch et al., 2018)

(Löwe et al., 2017)

(Li et al., 2022a)

(Hays et al., 2017)

(Abramson et al., 2016)

(Song et al., 2016)

(Ducat et al., 2012)

(Abramson et al., 2018)

(Lin et al., 2020a)

1455
cscB − 79.2 mg L-1 h-1 150 mM NaCl −

a Syn7002, Synechococcus sp. PCC 7002; Syn7942, Synechococcus elongatus PCC 7942; Syn2973, Synechococcus elongatus UTEX 2973; Syn6803, Synechocystis sp. PCC 6803.



1457

1459

1461

1463

1456

1458

1460

1462

1464

bcscB, sucrose permease; glgC, ADP-glucose pyrophosphorylase; glgP, glycogen phosphorylase; rpaB, regulator of phycobilisome-associated B; spp, sucrose phosphate phosphatase; sps,
sucrose phosphate synthase; ugp, UDP-glucose pyrophosphorylase.
cGenes are down-regulated or knocked out; ggpS, glucosylglycerol (GG)-phosphate synthase; ggtCD, GG transport system permease; glgA-I/glgA-II, glycogen synthase; glgC, ADP-
glucose pyrophosphorylase; invA, invertase;manR (Synpcc7942_1404), manganese sensing response regulator; Synpcc7942_1125, histidine-containing phosphotransfer.
dApproximated extracellular sucrose values provided or calculated from titers.
eIntracellular sucrose yields.
fIntracellular and extracellular (total) sucrose yields.
*Subscript in sps and spp indicates the strain that it comes from (i.e., 6803 for Synechocystis sp. PCC 6803, 7942 for S. elongatus PCC 7942).
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1465 Table 2. Sucrose-based autotroph-heterotroph co-cultures and their products.

Sucrose Strain Heterotroph Strain

Speciesa

Syn7942

Syn7942

Syn7942

Syn7942

Syn7942

Syn7942

Syn7942

Syn7942

Syn2973

Genotypeb*

cscB

cscB

cscB

cscB

cscB

cscB

cscB

cscB

cscB

Maximum
productivityc

400 mg L-1 d-1

34.2 mg L-1 d-1

27.4 mg L-1 d-1

0.5 mg L-1 d-1

102 mg L-1 d-1

250 mg L-1 d-1

108 mg L-1 d-1**

45 mg L-1 d-1

96 mg L-1 d-1

Induction

106 mM NaCl

N/A; physical
encapsulation

150 mM NaCl

170 mM NaCl

150 mM NaCl

150 mM NaCl

150 mM NaCl

100 mM NaCl

150 mM NaCl

Speciesd

B. subtilis

E. coli W

A. vinelandii

A. vinelandii

H. boliviensis

P. putida EM178

P. putida EM178

P. putida EM178

R. glutinis

E. coli
BL21(DE3)

Genotypee

−

phaCAB ΔcscR

ΔnifL

ΔnifL

−

cscRABY ΔnasT

cscAB

cscRABY ΔnasT

−

cscA, cscB, cscK, mcr

Productf

α-amylase

PHB

PHB

PHB

PHB

PHA

PHA

PHA

DW

TFA

3-HP

Maximum

productivityg

not quantified

0.04 mg L-1 d-1

8 mg L-1 d-1

3.8% DW d-1

28.3 mg L-1 d-1

2.3 mg L-1 d-1

23.8 mg L-1 d-1

42.1 mg L-1 d-1

24.8 mg L-1 DW-1 d-1

1.2 mg L-1 d-1

9.8 mg L-1 d-1

Reference

(Hays et al., 2017)†

(Smith and Francis,
2017)‡

(Smith and Francis,
2016)†

(Weiss et al., 2017)‡

(Hobmeier et al.,
2020)†

(Löwe et al., 2017)

(Kratzl et al., 2023)

(Li et al., 2017)†

(Ma et al., 2022)†

ThermPKUAC

Syn7942

CupH16

Syn2973

Syn7942

cscB

cscB

sps6803,
spp6803,

scrY

cscB

cscB

18.1 mg L-1 d-1

10 mg L-1 d-1

18.1 mg L-1 d-1

0.7 mg L-1 d-1**

263.5 mg L-1 d-1

150 mM NaCl

0.3% arabinose

150 mM NaCl

150 mM NaCl

E. coli
BL21(DE3)

E. coli W

Y. lipolytica

P. putida KT2440

V. natriegens

efe

ispS

vioABCDE, cscABK
ΔcscR

crtEBIY, cscABK ΔcscR

carB, carRP

sfp, bpsA

tyr

tal

budABC

ldh

ethylene

isoprene

violacein

β-carotene

β-carotene

indigoidine

melanin

p-coumaric acid

2,3-butanediol

lactate

0.74 mg L-1 d-1

0.03 mg L-1 d-1

4.5 mg L-1 d-1

4.8 mg L-1 d-1

325 mg L-1 d-1

1.9 g L-1 d-1

1.56 mg L-1 d-1

8.75 mg L-1 d-1

60 mg L-1 d-1

100 mg L-1 d-1

(Cui et al., 2022)

(Nangle et al., 2020)

(Zhao et al., 2022)‡

(Li et al., 2022a)†
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1467

1469

1471

1473

1475

1477
1478

1480

1482

1484

1486
1487

Syn6803

Syn7942

Syn7942

Syn7942

cscB,
sps6803,
ΔggpS

cscB, sh3l

cscB

cscB,
sps7942

164.3 mg L-1 d-1

108 mg L-1 d-1

240 mg L-1 d-1

200 mg L-1 d-1

400 mM NaCl

50 mM NaCl

100 mM NaCl

N/A

E. coli W

P. putida S12

P. putida EM173

E. coli ATCC
8739

S. oneidensis

ΔcscR, Inv, Parvi

cscA, hmfH, sh3d

cscRABY, dnt

ΔpflB, ΔfrdABCD,
ΔmgsA, ΔnarG, ΔnapA,

ΔnarZ, cscB, gtfA

ΔnapA glk, cscAKB

ε-caprolactone

FDCA

2,4-DNT
degradation

PHA

electricity

102.7 mg L-1 h-1

~100% in 4 d

22.7 mg L-1 d-1

5.1 mg L-1 d-1

380 μW***

(Toth et al., 2022)

(Lin et al., 2020b)†‡

(Fedeson et al., 2020)‡

(Zhu et al., 2022)

1466

1468

1470

1472

1474

1476

1479

1481

1483

1485

1488

G. sulfurreducens −
aCupH16, Cupriavidus necator H16; Syn7942, Synechococcus elongatus PCC 7942; Syn2973, Synechococcus elongatus UTEX 2973; Syn6803, Synechocystis sp. PCC 6803;
ThermPKUAC, Thermosynechococcus elongatus PKUAC-SCTE542.
bcscB, sucrose permease; scrY, sucrose porin; sh3l, SH3 ligand; sps, sucrose phosphate synthase; spp, sucrose phosphate phosphatase.
cApproximated values from axenic cultivations in conditions most similar to co-culture conditions.
dA. vinelandii, Azotobacter vinelandii AV3; B. subtilis, Bacillus subtilis 168; E. coli, Escherichia coli; G. sulfurreducens, Geobacter sulfurrenducens PCA; H. boliviensis, Halomonas
boliviensis; P. putida, Pseudomonas putida; R. glutinis, Rhodotorula glutinis; S. onedensis, Shewanella onedensis MR-1; Y. lipolytica, Yarrowia lipolytica CLIB138; V. natriegens, Vibrio
natriegens.
ebpsA, non-ribosomal peptide synthetase; budABC, 2,3-butanediol gene cluster; carB, phytoene dehydrogenase; carRP, bifunctional lycopene cyclase/phytoene synthase; crtEBIY, β-
carotene biosynthesis cassette; cscA, sucrose hydrolase; cscB, sucrose permease; cscK, fructokinase; cscR, sucrose operon repressor; cscY, sucrose porin; dnt, dinitrotoluence degradation
gene cluster; efe, ethylene-forming protein; frdABCD, operon encoding fumarate reductase; glk, glucokinase; gtfA, sucrose phosphorylase; hmfH, HMF/furfural oxidoreductase; Inv, cscA
invertase gene with an N-terminal pelB leader sequence; ispS, isoprene synthase; ldh, D-lactate dehydrogenase; mcr, malonyl-CoA reductase; mgsA, methylglyoxal synthase; narG, napA,
and narZ, nitrate reductases; nasT, nitrate response regulator; nifL, negative regulator of nitrogen fixation; Parvi, synthetic Baeyer–Villiger monooxygenase; pflB, pyruvate formate-lyase
B; phaCAB, polyhydroxybutyrate synthesis operon; sfp, phosphopantetheinyl transferase; sh3d, SH3 domain; tal, tyrosine ammonia lyase; tyr, tyrosinase; vioABCDE, violacein
biosynthesis cassette. Unless otherwise denoted by “Δ”, genes are heterologously expressed.
f3-HP, 3-hydroxypropionic acid; DNT, dinitrotoluene; DW, cyanobacterial biomass dry weight; FDCA,2,5-furandicarboxylic acid; PHA, polyhydroxyalkanoate; PHB,
polyhydroxybutyrate; TFA, cyanobacterial total fatty acids.
gApproximated values provided or calculated from titers.
†Enhanced photoautotroph growth in co-culture.
‡Implemented spatial control of co-culture.
*Subscript in sps and spp indicates the strain that it comes from (i.e., 6803 for Synechocystis sp. PCC 6803, 7942 for S. elongatus PCC 7942).
**Values from axenic cultivation prior to the introduction of heterotroph.
***Maximum power output reported for the four-species consortium.
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sps

1491

1493

1495

1489 Table 3. Synthetic cyanobacteria-heterotroph microbial consortia used as a platform to study microbial interactions.

Sucrose straina

Syn7942

Syn7942

Syn2973

Syn7942

Syn7942

Genotypeb

cscB

cscB,
sps6803

cscB

cscB

cscB,
sps6803

Heterotroph
strainc

E. coli K-12

E. coli W

Y. lipolytica

B. subtilis

A. vinelandii

E. coli K-12
MG1655

C. glutamicum

B. subtilis 168

E. coli BL21(DE3)

E. coli MG1655

E. coli W

Genotyped

AA
knockouts

−

SUC2

−

ΔnifL

cscABK

−

−

cscABK, mcr

cscABK

ΔcscR

Notes

Utilizes metabolic modeling and experimental validation to predict
co-cultivation outcomes and identify optimizable parameters.

Develops tripartite consortium with carbon-providing S. elongatus
PCC 7942 and nitrogen-providing A. vinelandii to support a third

microbe. Performed computational analyses to identify bottlenecks to
improve cultivation conditions.

Utilizes transcriptomic, proteomic, and metabolomic analyses to
reveal differentially regulated pathways during co-cultivation to

identify optimizable parameters to improve stability and 3-
hydroxypropionic productivity.

Spatially separates subpopulations with encapsulation to impart
species stability while still allowing the transport of small molecules.

Utilizes individual-based modeling in spatial context to predict colony
fitness.

Reference

(Zuñiga et al., 2020)

(Carruthers, 2020)

(Ma et al., 2022)

(Wang et al., 2022)

(Sakkos et al., 2022)

1490

1492

1494

1496
1497
1498
1499

Syn7942
cscB,

E. coli W ΔcscR Integrates quorum sensing modules for cross-species communication. (Kokarakis et al., 2022)
6803

aSyn7942, Synechococcus elongatus PCC 7942; Syn2973, Synechococcus elongatus UTEX 2973.
bAA knockouts, multiple one-way amino acid auxotrophs were generated; cscB, sucrose permease; sps6803, sucrose phosphate synthase from Synechocystis sp. PCC 6803.
cA. vinelandii, Azotobacter vinelandii AZBB163; B. subtilis, Bacillus subtilis 168; C. glutamicum, Corynebacterium glutamicum 13032; E. coli, Escherichia coli, Y. lipolytica, Yarrowia
lipolytica Po1g.
dcscABK, sucrose utilization operon; cscR, sucrose operon repressor; mcr, malonyl-CoA reductase; nifL, negative regulator of nitrogen fixation; SUC2, cassette for internal and external
invertases.
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