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Abstract Cyanophycin (CP) can be successfully produced in
plants by the ectopic expression of the CphA synthetase from
Thermosynechococcus elongatus BP-1 (Berg et al. 2000),
yielding up to 6.8 % of dry weight (DW) in tobacco leaf tissue
and 7.5 % in potato tubers (Huehns et al. 2008, 2009).
Though, high amounts of the polymer lead to phenotypical
abnormalities in both crops. The extension of abnormalities
and the maximum amount of CP tolerated depend on the com-
partment that CP production is localized at the tissue/crop in
which CP was produced (Huehns et al. 2008, 2009; Neumann
et al. 2005). It cannot be ascribed to a depletion of arginine,
lysine, or aspartate, the substrates for CP synthesis.

Keywords CphA - Thermosynechococcus elongates BP-1 -
Nicotiana tabacum - Solanum tuberosum - Cytosol - Plastids

Introduction

Cyanophycin, also known as cyanophycin granule polypeptide
(CGP), is a polymer predominantly composed of arginine-
aspartate and lysine-aspartate dipeptides (Fig. 1). It is naturally
produced by prokaryotes with the help of a cyanophycin syn-
thetase (CphA) via non-ribosomal protein biosynthesis and
accumulates as water-insoluble granules in the cytosol
(Simon and Weathers 1976; Ziegler et al. 1998). Being resis-

P4 Henrik Nausch
Henrik.Nausch@uni-rostock.de

Faculty of Agricultural and Environmental Sciences,
Agrobiotechnology and Risk Assessment for Bio- und Gene
Technology, University of Rostock, Justus-von-Liebig-Weg 8,
18059 Rostock, Germany

tant to common proteases, CP serves as storage for nitrogen,
carbon, and energy; it is exclusively degrades on demand by
so-called cyanophycinases into dipeptides (Law et al. 2009;
Sallam and Steinbuchel 2009). CP is of particular interest due
to its ability to substitute petroleum-derived polyacrylates in
the synthesis of plastics and chemicals (Bérnke and Broer
2010; Mooibroek et al. 2007). Furthermore, it might be used
for the production of dipeptides. Their high nutritional value
makes them highly desirable for human diets and industrial
animal feed (Sallam and Steinbuchel 2009, 2010; Santos
et al. 2012). Up to now, CP has been predominantly produced
in cell cultures (Frommeyer et al. 2014) which are limited in
terms of scalability, productivity, and process economics when
compared to plants (Merlin et al. 2014).

CP has already been successfully produced in tobacco and
potato plants up to 6.8 and 7.5 % DW, respectively, and eco-
nomic aspects were calculated (Huehns 2010; Huehns et al.
2008, 2009; Neumann et al. 2005). Whereas the synthesis in
plastids of tobacco leaves and potato tubers did not cause any
phenotypical abnormalities, the presence of less than 1 % DW
of CP in the cytosol led to severe disorders. This review out-
lines the peculiarities and impacts of expression of bacterial
cyanophycin synthetases in plants. In particular, it points out
possible connections between the features of plant-made CP
and its influence on plant physiology and yield.

Characteristics of plant-produced CP

CP synthetase genes from Anabaena variabilis ATCC 29413,
Thermococcus elongatus BP-1, and Synechocystis sp. PCC
6803 have been transferred to tobacco (Huehns et al. 2004),
but CP can only be produced by the CphA from 7. elongatus
BP-1. This phenomenon could not be explained until Arai and
Kino (2008) demonstrated that CphAp.—in contrast to the
other two enzymes—does not need a low molecular mass
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Fig. 1 Cyanophycin structure, synthesis, and metabolism

cyanophycin oligodipeptide as primer for CP production (Arai
and Kino 2008). The origin of the primer or the factors, syn-
thesizing the CP-primer, respectively, has not yet been identi-
fied (Frommeyer et al. 2014). It might be concluded that the
necessary primers or additional unknown enzymes do not ex-
ist in tobacco. Nevertheless, heterologous expression of the
same primer-dependent CP synthetase has been reported in
Escherichia coli (Berg et al. 2000; Ziegler et al. 1998) and
of others in yeast (Steinle et al. 2008, 2009, 2010) as well as in
fungi (Meussen et al. 2012), leading to the production of CP.
Hence, primer production seems to be possible not only in
bacteria but also in lower eukaryotes.

Plant-produced CP has a limited polydispersity between 20
and 35 kDa (Huehns et al. 2008, 2009; Neumann et al. 2005).
This holds true both for cytosolic and plastidic CP, even
though plastids are descendants of cyanobacteria. CP derived
from various non-cyanobacterial, native, and recombinant
hosts displays a similar distribution pattern in polyacrylamide
gel electrophoresis (PAGE), whereas polydispersity of CP de-
rived from cyanobacteria ranges from 25 up to 125 kDa
(Frommeyer et al. 2014). Hence, the cyanobacterial factors
assumed to be responsible for polydispersity (Aboulmagd
et al. 2001) might have been lost during endosymbiosis or
evolved after the separation of chloroplasts and cyanobacteria.

Insoluble CP is the predominant form in plants ranging
from 80 % of total CP in potato to 98 % in tobacco
(Table 1). Only when produced in the tobacco cytosol does
the average amount of soluble CP rise to 50 % of total CP
(Neumann et al. 2005).
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The amount of soluble CP correlates with the promotor
used for the expression of the CpAr.-synthetase. In potato
tubers, the enzyme has been expressed with either the consti-
tutive 35S promoter from the cauliflower mosaic virus or the
tuber-specific B33-promotor from Solanum tuberosum—both
in the cytosol and in plastids (Huehns et al. 2009; Neubauer
et al. 2012; Neumann et al. 2005). Driven by the 358, soluble
CP averaged 10 % in the cytosol and plastids, whereas B33
yielded up to 23 % of soluble CP (Table 1).

Comparing tobacco and potato (Table 1), which vary in
their content of water-soluble CP as well, it might be conclud-
ed that the plant species has a significant influence. This is in
line with the fact that in £. coli, CP is predominantly produced
as insoluble CP, but is almost exclusively found in soluble
form in yeast (Steinle et al. 2008, 2009, 2010). No clear cor-
relation was found between the total amount of CP and the
percentage of soluble CP (Table 1). Interestingly, soluble CP
does not occur in naturally CP-producing prokaryotes but only
in heterologous hosts (Fiiser and Steinbiichel 2005).

Although in bacteria soluble CP contains at least 17 mol%
lysine (Frommeyer and Steinbuchel 2013; Tseng et al. 2012)
and it is assumed that the incorporation of lysine might be an
important characteristic of soluble CP, Neumann et al. (2005)
found only very low amounts of lysine in the soluble CP
(molar ratio asp:arg:lys 1:1.05:0.1) isolated from three differ-
ent tobacco plants.

Both in tobacco and potato, CP dissolved from granular into
fibrillary structures during senescence. In tobacco, this phenom-
enon was observed in older, yellow leaves and paralleled a trans-
formation of chloro- into gerontoplasts. These gerontoplasts
were not observed in non-transgenic control plants (Huehns
et al. 2008). A similar decomposition of compact CP aggregates
was observed in older tubers of potato, accompanied by a disin-
tegration of the amyloplasts (Huehns et al. 2009). Dissolving CP
granules have not yet been observed in any other CP-producing
organism, and the reason as well as the effect of this process
remains unknown. The total amount of CP was not affected by
this process (Huehns et al. 2009).

Similarly, the CP content remained unchanged during stor-
age of potato tubers over 32 weeks (Huehns et al. 2009).
Hence, CP does not seem to be metabolized by plant prote-
ases. The resistance of CP to degradation could be explained
by its unique branched structure (Simon and Weathers 1976).
Cyanophycinases, the only enzymes known to be capable for
metabolizing CP, do not occur in plants (Law et al. 2009).
Taking this into account, the CP content might be higher in
older tissues and might be enhanced by prolonging the plant
growth period.

Limitations of CP production in plants

Plastidic CP production yielded up to 6.8 % DW in tobacco
leaf'tissue and 7.5 % DW in potato tubers (Huehns et al. 2008,
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Table 1  Comparison of CP in different compartments of T0 transformants of tobacco and potato
Cytosol Plastids
Max. CP yield Soluble/total CP Stress symptoms Max. CP yield Soluble/total CP Stress symptoms
Tobacco leaf tissue (35S) 1.14 % DW* 52.4 % +++ 1.73 % DW¢ 2.2 %° -
Potato Tubers (35S) 0.18 % DW* 10.4 % - 0.98 % DW! 9.5 %%~ -
Potato Tubers (B33) 229 % DW" 22.9 %" o+ 7.52 % DW" 23.7 %° +

*Neumann et al. (2005)
® Huehns et al. (2009)
¢ Huehns et al. (2008)
9Neubauer et al. (2012)

2009). However, these yields do not reach the amounts found
in other CP-producing native and recombinant hosts. For ex-
ample in cyanobacteria, CP yields up to 16 % of cell dry
matter (CDM) (Allen et al. 1980). Up to 28 % CDM were
obtained in recombinant E. coli strains (Elbahloul et al.
2005a) and up to 21 % CDM in recombinant yeast (Steinle
etal. 2010). Moreover, the CP composition could be modified
and the yield increased by adaptation of cultivation medium
and conditions. In E. coli, the CP amount was significantly
improved by additionally supplying amino acid-rich sub-
strates to the cultivation medium (Elbahloul et al. 2005a;
Frey et al. 2002). In yeast, a similar approach increased the
amount of CP up to 1.5-fold. Moreover, the selective supply
of either aspartate and arginine or aspartate and lysine corre-
lated with an enhanced incorporation of the arginine or lysine
into CP (Steinle et al. 2008). The addition of these amino acids
also improved the CP production in transgenic Pseudomonas
putida and Ralstonia eutropha (Diniz et al. 2006). In line with
this, arginine has been identified as a limiting factor of CP
synthesis in native CP-producing prokaryotes (Elbahloul
et al. 2005b; Maheswaran et al. 2006). CP production in these
organisms has also been boosted by inhibiting biosynthesis
with the help of chloramphenicol (Elbahloul et al. 2005b;
Simon 1973). The authors argued that protein and CP biosyn-
thesis compete for amino acids and that blocking ribosomes
increases the pool for CP production.

The amounts of free aspartate and glutamate, as precursors
for arginine, were slightly, but significantly, reduced in trans-
genic potato tubers with the highest CP content (Huehns and
Broer 2009). This might suggest that CP production in plants
is also limited by substrate. Yet, increased nitrogen supply did
not affect the amount of CP in potato tubers (Huehns et al.
2009) and the addition of casein hydolysate as organic nitro-
gen source to the transformation media did not change the
reduced regeneration frequency observed in leaf disk transfor-
mation (Huehns 2010). In addition, neither the coexpression
of a glutamine synthetase from E. coli (gInA) or Streptomyces
coelicolor (ginll) nor the ornithine acetyltransferase (argl)
from S. coelicolor in CP-producing tobacco increased the

amount of CP (Huehns 2010). Hence, it might be hypothe-
sized that in contrast to other hosts, the CP production in
plants is limited by substrate availability. Though, it remains
unclear whether both approaches increased the level of aspar-
tate and glutamate at all, since the pool of free amino acids was
not determined.

On the other hand, CP content in potato tubers could be
increased from 0.24 to 2.29 % DW and 0.98 to 7.52 % in the
cytosol and plastids, respectively (Table 1), by employing the
tuber-specific B33 promotor instead of the constitutive p35S
for the expression of the cphA gene (Huehns et al. 2009;
Neubauer et al. 2012; Neumann et al. 2005). The transcription
efficiency of the transgene might therefore still limit the
amount of CP in plants.

Nevertheless, the granule-bound starch synthetase (GBSS)
promotor derived from the GBSS from Manihot esculenta did
not trigger any CP production in tubers (Huehns 2010). This
indicates that further unknown determinants are involved in
CP synthesis, which may affect factors such as the activity of
the CphA enzyme.

Impact of CP production on plants

Both in tobacco and potato, CP has been produced in the
cytosol and plastids, leading to different phenotypes (Fig. 2).
Transgenic plants with cytosolic production of CP showed a
retarded development, limited growth, and thicker stems and
leaves. The leaf tissue was variegated and the grana stacks in
the chloroplast were reduced in number and size (Neumann
et al. 2005). In the case of tobacco, transformants were gener-
ally fertile, but the event with the highest CP content did not
produce any transgenic descendants. Potato tubers were small-
er and deformed (Fig. 2). In addition, tubers of the potato top
producer did not sprout (Neumann et al. 2005). Hence, in the
cytosol, CP might interfere with both the metabolism in veg-
etative tissue and the generative processes that take place dur-
ing germination and sprouting. This is supported by the fact
that the number of transgenic shoots/explant was reduced to
86 % (tobacco) and 70 % (potato) compared to the control
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Fig. 2 Schematic overview of cytosolic (brown) and plastidal (purple)
expression of Cyanophycin-synthetase (CphA) in tobacco and potato:
nuclear (blue)-encoded CphA from Thermosynecchococcus elongatus
BP-1 (CphATe) is expressed by the 35S promotor and terminator from
the cauliflower mosaic virus and targeted to plastids (green) by the fusion
to the sequence of transit peptide of the integral protein of photosystem I1
(PsbY). Representative phenotypical disorders are shown at the left side

explants transformed with the empty vector that contained
only the selection marker gene (Neumann et al. 2005).
Important processes occurring during the de- and
redifferentiation of leaf cells within the transformation process
seem to be affected by the presence or production of CP.

When CP production was targeted to the plastids, the ab-
normalities of vegetative tissue were substantially mitigated
and plants showed a normal phenotype (Fig. 2) and growth
rate, comparable to that of the near-isogenic control (Huehns
et al. 2008, 2009). CP yielded up to 1.7 % in the
transformants. The fact that one out of four events with that
amount displayed an altered phenotype and produced only a
small amount of seeds (Huehns et al. 2008) might result from
a somaclonal variation due to the transformation or regenera-
tion process.

In contrast to the mitigated abnormalities of vegetative tis-
sue, the impact of CP on regenerative processes during leaf
disk transformation was not reduced. The shoot formation was
still impaired with 60 % (tobacco) and 5971 % (potato) com-
pared to the control (Huehns et al. 2008, 2009; Neubauer et al.
2012).

In addition, as described in the earlier chapter, CP seems to
induce a premature conversion of chloro- into gerontoplasts in
senescing tobacco leaves (Huehns et al. 2008) and to cause the
development of brown sunken staining in stored potato tubers
(Huehns et al. 2009). Hence, the presence of CP seems to be
problematic whenever cells or their structures dissolve, possi-
bly because this might lead to a release of CP from the plastid
to the cytosol.
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Potential causes for phenotypic disorders associated
with CP production in plants

Although the production of CP does not seem to be limited by
substrate, high levels of expression of CphAf, led to a reduc-
tion of free aspartate and glutamate that are necessary for CP
synthesis (Huehns and Broer 2009). This might interfere with
the production of endogenous proteins, promoting stress
symptoms.

More importantly, the amount of soluble CP seems to cor-
relate with the adverse effects (Table 1). In tobacco with cy-
tosolic CP production, where soluble CP reached up to 50 %,
disorders were most pronounced (Neumann et al. 2005).
Interestingly, the impact of similar amounts of soluble CP
differed in the cytosol and plastids, as observed in potato
(Table 1). However, the reduced amount of soluble CP in
tobacco T1 descendants with cytosolic production did not
reduce the abnormalities observed (Neumann et al. 2005). In
addition, comparing different events and lines of the same
crop producing CP in the same compartment, the strength of
the phenotype correlates neither with the amount of CP nor
with the ratio of soluble/insoluble CP (Huehns et al. 2009;
Neumann et al. 2005). Together with the fact that no abnor-
malities were reported for any other CP-producing recombi-
nant host, the role of soluble CP remains questionable and is
not the only effect influencing the plant fitness. Nevertheless,
it cannot be excluded that besides the total amount of CP and
localization of CP production, phenotypic disorders might be
influenced by the amount of soluble CP.

CP in comparison to other plant-made polymers

Apart from CP, several other polymers were produced in
plants by the overexpression of the corresponding genes, such
as (1) polyhydroxyalkanoates such as polyhydroxybutyrate
(PHB), (2) fibrous proteins like silk, elastin and collagen, as
well as (3) polyamino acids like poly-¢-lysine, poly-y-gluta-
mate, or poly-o-aspartate (Snell et al. 2015; van Beilen and
Poirier 2012). The production of CP and PHB is particular
since they are both produced by a nuclear-encoded synthetase.
In all other cases, the recombinant polymers were directly
encoded by the transgene. Therefore, CP is mainly compared
to PHB.

The highest CP production detected was 6.8 % DW in
tobacco leaf'tissue and 7.5 % DW in potato tubers, respective-
ly (Huehns et al. 2008, 2009). With 18.8 % of leaf dry weight,
the amount of PHB in tobacco (Bohmert-Tatarev et al. 2011)
exceeds the level of CP approximately twofold. In contrast to
that, PHB accumulated only up to 0.009 % DW in potato
(Bohmert et al. 2002). The endogenous determinants limiting
CP and PHB production, respectively, are still unknown, how-
ever. Since CP and PHB are produced from different sub-
strates—aspartate/arginine/lysine and acetyl-CoA,
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respectively—it might be speculated that different amounts of
PHB result from a differing substrate availability. Yet, as al-
ready mentioned in the earlier chapter, CP production seems
to be substantially influenced by other factors, apart from sub-
strate access.

In tobacco, CP and PHB led to similar drastic disorders
when the synthetases were constitutively expressed
(Bohmert-Tatarev et al. 2011; Bohmert et al. 2002; Huehns
et al. 2008; Lossl et al. 2003; Ruiz and Daniell 2005). In the
case of PHB, it was argued that the phenotypical stress symp-
toms results from a depletion of acetyl-CoA as key metabolite
and precursor for PHB synthesis (Morandini 2013; van Beilen
and Poirier 2012). This has been supported by the study of
Xing et al. (2014), in which the negative effects of PHB were
reduced by the overexpression of the ATP citrate lyase (ACL),
increasing the pool of acetyl-CoA (Xing et al. 2014).

In tobacco, the impact of CP depended on its localization,
either in the cytosol or in chloroplasts. A similar correlation
has been observed for PHB when produced in both compart-
ments in Arabidopsis thaliana. Yields of cytosolic PHB were
quiet low and had deleterious effects on plant growth and
fertility. Transferring PHB synthesis to chloroplasts increased
its amount 100-fold and mitigated adverse effects (Nawrath
et al. 1994; Poirier et al. 1992). In line with the data of Xing
et al. (2014), this was explained by the higher metabolic flux
of acetyl-CoA in plastids compared to the cytosol.

In contrast to CP, PHB synthesis in potato induced no ab-
normalities (Bohmert et al. 2002; Huehns et al. 2009).
However, PHB levels were low (0.009 % DW) and a detailed
analysis of tubers was not done (Bohmert et al. 2002).

Taken together, the adverse effects of PHB on the plant
host were similar to that of CP: (1) cytosolic production was
detrimental, (2) the disorders could be mitigated by the trans-
location to the plastids, and (3) high PHB content interfered
with seed germination. In the case of PHB, the negative effects
correlate with a depletion of the substrate for PHB production
acetyl-CoA, which is a key metabolite of plant metabolism
(Morandini 2013). Moreover, Nawrath et al. (1994) argued
that the mitigation of abnormalities by plastidic PHB produc-
tion results from the high metabolic flux of acetyl-CoA. In
contrast to that, there are several indications that CP is not
limited by substrate (Huehns 2010; Huehns et al. 2009).

Conclusions

The composition and yield of CP is influenced by a variety of
unknown factors in plants. Yields do not seem to be limited by
the substrates. Phenotypical disorders do not correlate with the
CP content but possibly with the amount of soluble CP.
Further investigations are necessary to clarify its role.
Additional research needs to be undertaken to identify the

factors that lead to the preferential incorporation of arginine/
aspartate dipeptides in plant CP.
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