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Abstract

Background: The global demand for functional proteins is extensive, diverse, and constantly increasing. Medicine,
agriculture, and industrial manufacturing all rely on high-quality proteins as major active components or process
additives. Historically, these demands have been met by microbial bioreactors that are expensive to operate and
maintain, prone to contamination, and relatively inflexible to changing market demands. Well-established crop culti-
vation technigues coupled with new advancements in genetic engineering may offer a cheaper and more versatile
protein production platform. Chloroplast-engineered plants, like tobacco, have the potential to produce large quanti-
ties of high-value proteins, but often result in engineered plants with mutant phenotypes. This technology needs to
be fine-tuned for commercial applications to maximize target protein yield while maintaining robust plant growth.

Results: Here, we show that a previously developed Nicotiana tabacum line, TetC-cel6A, can produce an industrial
cellulase at levels of up to 28% of total soluble protein (TSP) with a slight dwarf phenotype but no loss in biomass. In
seedlings, the dwarf phenotype is recovered by exogenous application of gibberellic acid. We also demonstrate that
accumulating foreign protein represents an added burden to the plants’metabolism that can make them more sensi-
tive to limiting growth conditions such as low nitrogen. The biomass of nitrogen-limited TetC-cel6A plants was found
to be as much as 40% lower than wildtype (WT) tobacco, although heterologous cellulase production was not greatly
reduced compared to well-fertilized TetC-cel6A plants. Furthermore, cultivation at elevated carbon dioxide (1600 ppm
CO,) restored biomass accumulation in TetC-cel6A plants to that of WT, while also increasing total heterologous pro-
tein yield (mg Cel6A plant™') by 50-70%.

Conclusions: The work reported here demonstrates that well-fertilized tobacco plants have a substantial degree of
flexibility in protein metabolism and can accommodate considerable levels of some recombinant proteins without
exhibiting deleterious mutant phenotypes. Furthermore, we show that the alterations to protein expression triggered
by growth at elevated CO, can help rebalance endogenous protein expression and/or increase foreign protein pro-
duction in chloroplast-engineered tobacco.
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Background

Proteins are used as enzyme additives in many industrial

processes, as antibodies and medical peptides for phar-

maceuticals, and as nutritional additives to food and
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cultures of bacterial, fungal, or mammalian cells. How-
ever, these systems are often expensive to establish,
labor-intensive to maintain, prone to contamination, and
inflexible to changing market demands [2]. With well-
established cultivation practices, a genetically engineered
(GE) biomass crop, like tobacco, may represent a low-
cost alternative [3-5].

While most GE plants used in commercial applications
are generated by manipulation of the nuclear genome,
transformation of the chloroplast genome for protein
production has several key advantages. For instance, leaf
cells contain a high copy number of chloroplast genomes
(between 2000 and 20,000 copies per leaf cell [6, 7]), the
expression rates of many native chloroplast-encoded
genes are high compared to those in the nucleus, and
there are no gene-silencing mechanisms in plastids
(reviewed in [8]). As a result, chloroplast-engineered
plants regularly achieve recombinant protein yields aver-
aging 5-20% of total soluble protein (TSP) with excep-
tional plastid transformants reaching yields of 40-70% of
TSP [3, 9-17].

While these high yields are promising for commercial
applications, accumulating a non-native protein to that
degree can have unforeseen impacts on the GE plant’s
metabolism. Several GE projects have yielded trans-
plastomic plants with undesired mutant phenotypes
like delayed growth, infertility, leaf chlorosis, and low
biomass yield [10, 15-19]. These impacts are, however,
highly variable and often unpredictable prior to estab-
lishment of the transplastomic plant. Furthermore, there
is rarely subsequent experimentation to investigate the
causes of these phenotypes and determine whether they
may be ameliorated by factors like fertilization, light lev-
els, or regulatory element selection.

Despite these challenges, some GE plants have been
reported to accumulate foreign proteins to as much
as 41% of TSP with little or no phenotypic changes. In
fact, one group argued that some abundant native pro-
teins, particularly Rubisco, serve as a dynamic nitro-
gen (N) storage by accumulating to levels greater than
is biologically required in wildtype (WT) tobacco; the
authors posited that GE plants can reduce the abundance
of these native proteins while synthesizing foreign pro-
teins without interrupting native metabolism [9, 20]. In
recent work, we showed that the response of plant pro-
tein metabolism to foreign protein synthesis is largely
dependent on environmental factors. When grown in
high-light growth chambers GE tobacco plants accumu-
lated a recombinant cellulase to as much as 38% TSP.
While phenotypically indistinguishable from WT plants,
these engineered plants redistributed a substantial por-
tion of protein resources away from some native pro-
teins though not Rubisco [3]. However, when these same
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plants were grown in open fields, they increased total
TSP production to effectively maintain constant levels of
native proteins while producing exogenous cellulase at
20% of TSP on average [3].

Deleterious mutant phenotypes can develop when
foreign protein accumulation depletes native proteins
beyond minimum levels required for endogenous metab-
olism. In these cases, mutant phenotypes may be allevi-
ated by altering environmental conditions to reduce the
need for specific endogenous proteins. For example,
elevated CO, increases biomass while reducing photores-
piration and the demand for photosynthetic machinery,
particularly Rubisco, in C3 plants (reviewed in [21, 22]).
We, therefore, hypothesize that in situations when syn-
thesis of the recombinant protein strains the host plant’s
metabolism, elevated CO, may enable recovery of WT
growth.

Mutant phenotypes can also be caused by the inclusion
of features in the GE cassette that interfere with native
gene expression. Regulatory elements native to the plas-
tid genome of the host species or a closely related spe-
cies are often used to mediate expression of transgenes
because of their compatibility with the host’s gene
expression machinery [9, 16, 23-25]. However, the use of
these DNA elements can result in potentially deleterious
competition for transcriptional or translational factors
with endogenous DNA elements within the engineered
chloroplasts. For example, the use of the native tobacco
clpP 5'-untranslated region (UTR) for recombinant
NPTII expression caused a pigment-deficient pheno-
type and a reduction in ClpP1 protease due to competi-
tion between the native and transgenic clpP 5'UTRs for
a specific mRNA maturation factor [26]. Translational
regulation by mRNA-binding proteins is common in the
chloroplast and not completely understood [27]; thus,
constitutive expression of transgenic RNA sequences
may have unforeseen consequences on endogenous pro-
tein accumulation. In addition, the specific codon usage
in the transgenic open reading frames (ORFs) and inser-
tion site choice in the plastid genome can also interfere
with native protein expression [28, 29].

Finally, in some cases, the enzymatic activity of the
recombinant protein may directly interfere with the host
plant’s metabolism. For example, Petersen and Bock sug-
gested that the enzymatic activity of recombinant cell
wall-degrading enzymes was responsible for the chlorotic
leaves and stunted growth observed in their transformed
tobacco [16]. Another group attributed alterations to
auxin, gibberellic acid, and cytokinin levels to a chemical
interaction of their exogenous B-glucosidase with hor-
mone conjugates [30].

The chloroplast-engineered Nicotiana tabacum line
used in this study, TetC-cel6A, was developed and first
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characterized by Gray et al. as part of a study examining
the effect of the downstream box (DB) on protein expres-
sion and, as mentioned above, was also deployed recently
in a field study [3]. TetC-cel6A expresses an active endo-
glucanase Cel6A from the soil bacteria Thermobifida
fusca with a short 5" DB peptide fusion from the TetC
bacterial protein [12]. This fused ORF is under control of
the T7G10 5'UTR and psbA terminator sequences. The
cassette was inserted in the trnl-trnA intergenic space
in the plastid genome inverted repeat region, relying on
the strong Prrn promoter for read-through transcrip-
tion. The highest Cel6A accumulation measured in tis-
sues of the T1 generation TetC-cel6A plants was 10.6% of
TSP [12] whereas recent work with T2 generation plants
averaged 20—40% of TSP [3]. As we explore in this study,
plant age, growth conditions, and fertilization regimes
can cause variable recombinant protein yields. The reso-
lution of unintended homologous recombination events
increases the abundance of accurately transformed plas-
tome copies in subsequent plant generations and, there-
fore, may contribute to increases in heterologous protein
accumulation between early generations [31].

Endoglucanases, along with other cellulases, are used
in cellulosic ethanol synthesis from cellulose feedstocks
and are also needed for the production of some textiles,
paper, detergent, beverages, and animal feeds (reviewed
in [32]). Here, we measured Cel6A abundance in T2
TetC-cel6A plants (propagated from the original TetC-
cel6A plants) grown from germination to maturity to
explore the underlying causes of transgenic phenotypic
deviations from WT tobacco. We also manipulated
atmospheric CO, and ammonium nitrate fertilizer appli-
cation to alter protein resource allocation and study its
impact on plant growth and Cel6A vyield. Here, we aim
to enhance the commercial applicability of GE plants
for large-scale production of valuable proteins by using
TetC-cel6A tobacco as a model to understand and miti-
gate mutant phenotypes caused by high recombinant
protein synthesis.

Results

TetC-cel6A tobacco exhibited only a minor dwarf
phenotype despite substantial accumulation

of recombinant cellulase

The transplastomic and WT tobacco plants were grown
in well-fertilized soil pots in growth chambers to docu-
ment phenotypic differences and to measure recombi-
nant cellulase accumulation as the plant tissue developed
over time. TetC-cel6A tobacco plants were nearly indis-
tinguishable from WT and produced the same amount
of biomass (wet weight) and dry matter at the measured
time points (Fig. 1a, b, Additional file 1: Fig. S1a). Leaf
area was also not different between the two genotypes
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(Additional file 1: Fig. S1b). The only altered phenotype
in the transgenic plants under these growth conditions
was a reduction in stem height of as much as 40% in
TetC-cel6A plants compared to WT plants after 8 weeks
of growth (Fig. 1c).

Cel6A yield as a percent of TSP increased over time
in composite tissue samples from 9% Cel6A of TSP in
2-week-old seedlings to 28% in green leaves of 12-week-
old plants (Fig. 1d). In contrast to Cel6A, Rubisco con-
tent decreased over time from approximately 50% of TSP
in seedlings to 30% in 12-week-old plant tissue. No sig-
nificant differences in Rubisco between genotypes were
noted except for a reduction in Rubisco in 2-week-old
TetC-cel6A seedlings (Fig. 1d). The transgenic plants
maintained similar total protein per plant as WT plants
and exhibited the same pattern of reduced total protein
due to senescence at 12 weeks (Additional file 3: Fig. S2a).

Cel6A concentration (normalized to tissue biomass)
varied as a function of plant age, increasing by a factor of
five from 2 to 6 weeks, holding steady for at least 3 weeks
(6 to 9 weeks) and then decreasing at 12 weeks (Fig. 1e);
however, 9-week-old TetC-cel6A plants yielded the most
Cel6A (mg plant™) as a combined result of plant size and
age-dependent protein levels (Additional file 3: Fig. S2b).
Consistent with previous work [3], chamber-grown TetC-
cel6A plants reduced “other” proteins relative to W'T,
although this reduction was only statistically significant
in 9-week-old plants because of replicate variability in
protein measurements at other time points (Additional
file 3: Fig. S2c, d).

Exogenous gibberellic acid application alleviates

the delayed germination and dwarf phenotype

in TetC-cel6A tobacco

In addition to the dwarf stem phenotype noted above, we
also previously observed a small delay in germination of
the TetC-cel6A seeds. Combined, those two phenotypes
led us to hypothesize that the presence of Cel6A in the
GE plant tissue altered gibberellic acid (GA) metabolism
because of GA’s role in germination timing and internode
elongation in higher plants [33, 34]. Without exogenous
GA application, TetC-cel6A seeds took on average 6.3
(S.E.£0.1) days to germinate on agar plates, a full day
longer than WT seeds (Additional file 4: Fig. S3) but with
the same profile in the germination rate (Fig. 2a). The
addition of 1 pM GA to the plates eliminated the delay
on average (5.5 days+0.14, Additional file 4: Fig. S3),
but the pattern of germination was not the same; 40% of
the TetC-cel6A seeds germinated a day earlier than most
WT seeds, but a subset of the transgenic seeds remained
delayed (Fig. 2a). WT seeds with and without the 1 uM
GA treatment germinated in the same pattern (Fig. 2a)
and with the same average time to germination (5.2 days
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Fig. 1 Growth assessment of TetC-cel6A tobacco plants from 2 to 12 weeks old. a Representative photographs of WT and transgenic plants
at 2, 6, and 9 weeks of age. b Biomass measurements (n=9 for 2-week harvest, n=4 for 6 and 9-week harvest, and n=3 for 12-week harvest).
¢ Measurements of stem elongation from soil to shoot apex (n =4 for all data points except 12 weeks where n=3). d Cel6A and Rubisco leaf
accumulation as a percent of TSP (n=3). e Cel6A yield normalized to mg Cel6A mg~" dry leaf tissue (n=3). Bar heights and data points correspond
to the mean and error bars reflect the standard error of the means. The p-values for notable comparisons between genotypes and plant age are

labeled in red asterisks as follows, p <0.05 (¥), p<0.01 (**),and p<0.001 (***). See "Methods" for a description of statistical analyses and Additional
file 2: Table S1 contains a full detailed statistics report

[S.E.£0.07] and 5.3 days [S.E.+0.07] after seeding, Untreated TetC-cel6A seedlings began to differentiate
respectively, Additional file 4: Fig. S3). from WT at 11 days post-germination, with 15% shorter

The stem length of GA-treated and untreated seed- stems (Fig. 2b, c). This difference in stem elongation
lings was measured over time after germination. increased with time, resulting in transgenic plants that
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Fig. 2 Effect of gibberellic acid on germination and seedling shoot elongation. a Germination rate represented as the fraction of the total

number of seeds that germinated per day (n=62 independent plants per genotype and treatment). b Representative photographs of seedlings
approximately 2 weeks post-germination. ¢ Shoot elongation of untreated seedlings (n =16 independent biological replicates). d Shoot elongation
of seedlings treated with 1 uM GA (n =16 independent biological replicates). Data points represent the mean with error bars corresponding to the
standard error of the means. The p-values for notable comparisons are labeled in red asterisks (*) indicating p-values < 0.05. For simplicity not all
significant comparisons are depicted on the graphs. See "Methods" for a description of statistical analyses and Additional file 2: Table S1 contains a
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were 20% shorter than WT at 17 days post-germination
(Tukey HSD p-value <0.04; Fig. 2b, c). In contrast, when
provided with 1 pM GA, the stem length of both TetC-
cel6A and WT seedlings was indistinguishable (Fig. 2b,
d) and more than three times longer than untreated
shoots at the end of the experiment (Fig. 2c, d). Thus,
in addition to improving germination time, exogenous
application of GA also abolished the dwarf stem pheno-
type observed in untreated TetC-cel6A plants.

Elevated CO, improves growth of TetC-cel6A plants

when grown in nutrient-limiting conditions

We hypothesized that the burden of foreign protein
synthesis may have a greater impact on plant pheno-
type under nutrient-limiting conditions. TetC-cel6A and
WT tobacco were grown on an inert vermiculite media
and fertilized with 1 mM, 4 mM, and 8 mM ammonium

nitrate under ambient and elevated CO,. At ambi-
ent CO,, WT biomass increased significantly with each
increase in ammonium nitrate as expected, whereas the
biomass of TetC-cel6A tobacco increased from 1 to 4 mM
but no further increase was observed at 8 mM (Fig. 3a,
b). Furthermore, TetC-cel6A tobacco plants were smaller
relative to WT at all ammonium nitrate concentrations
(Fig. 3a, b) but, in contrast to our expectations, biomass
reductions were correlated with greater N availability:
transgenic plants receiving the most ammonium nitrate
were the most reduced in biomass relative to WT (41%
less at 8 mM; Fig. 3a, b). This result suggests that there
may be other stresses or limitations imposed by growth
on the vermiculite medium contributing to the low bio-
mass phenotype of TetC-cel6A.

The stunted phenotype observed in the transgenic
plants was eliminated by elevating atmospheric CO,
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Fig. 3 Effect of ammonium nitrate and carbon dioxide on growth of transgenic tobacco. a Representative photos of 6-week-old plants. b Biomass
accumulation (n =6 independent biological replicates). ¢ Total leaf nitrogen content (n= 2 independent biological replicates). d Leaf carbon to
nitrogen ratio (n =2 independent biological replicates). Bar heights and data points correspond to the mean and error bars reflect the standard
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concentration to 1600 ppm. At this higher level, the fresh
weight per plant of the transgenic plants increased to
match WT biomass levels at every ammonium nitrate
concentration (Fig. 3a, b). However, the dry weight of
the TetC-cel6A tobacco still lagged those of WT plants
(Additional file 5: Fig. S4 a & b), suggesting that some
portion of the fresh weight biomass recovery caused by
elevated CO, was due to an increase in tissue water con-
tent (Additional file 5: Fig. S4 a, b). The biomass and dry
weight of WT tobacco exhibited very little response to
elevated CO,; a statistically significant increase was only
noted in WT plants fertilized with 4 mM ammonium
nitrate (Additional file 5: Fig. S4a).

While increasing ammonium nitrate treatment
increased total N accumulated per plant in both plant
genotypes, at ambient CO,, transgenic plants accu-
mulated more N than WT at both higher N treatments
(Fig. 3c). This difference was abolished at the higher CO,
level (Fig. 3c). Consistent with this finding, C:N ratios

were significantly lower in TetC-cel6A plants compared
to WT at ambient CO, concentration, likely reflect-
ing a combination of reduced carbon fixation and the
comparatively higher levels of N assimilation (Fig. 3d).
At elevated CO,, the C:N ratio in TetC-cel6A plants
are identical to those of WT plants (Fig. 3d), which we
hypothesize is due to a recovery of native plant carbon
metabolism in the transgenic plants.

Elevated CO, enables reallocation of protein resources,
increasing recombinant cellulase production

and bolstering accumulation of native proteins

Both N availability and CO, treatment had a significant
impact on TetC-cel6A accumulation. In ambient CO,, the
TetC-cel6A tobacco treated with both 1 mM and 8 mM
ammonium nitrate yielded 10% Cel6A of TSP, while
plants treated with 4 mM ammonium nitrate accumu-
lated Cel6A to 20% of TSP (Fig. 4a). Increased CO, led to
higher Cel6A vyields at all ammonium nitrate levels. The
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significantly different were denoted with "n.s”in red. See "Methods" for a description of statistical analyses and Additional file 2: Table S1 contains a
full detailed statistics report

highest concentration was once again measured in plants
treated with 4 mM ammonium nitrate, averaging 25%
Cel6A of TSP (Fig. 4a), which exceeded the accumula-
tion measured in similarly aged well-fertilized soil-grown
plants at ambient CO, (Fig. 1d). Furthermore, total leaf
TSP (per plant) was similar between genotypes and gen-
erally unresponsive to CO, treatment (Fig. 4b), except at
4 mM ammonium nitrate where elevated CO, led to 25%
percent more whole plant protein. The slightly higher
TSP in the 8 mM ammonium nitrate TetC-cel6A plants
resulted in similar absolute levels of Cel6A (mg plant™?)
as those treated with 4 mM ammonium nitrate (Addi-
tional file 5: Fig. S4 c).

We also measured Rubisco abundance (% TSP) in all
ammonium nitrate treatments with ambient and ele-
vated CO,. When grown in ambient CO,, transformed

tobacco and WT tissues maintained similar Rubisco
levels at 40-50% TSP (Fig. 4c). At elevated CO,,
plants of both genotypes reduced Rubisco abundance
to 19-30% of TSP in WT and 17-20% in TetC-cel6A
(Fig. 4c).

Production of Cel6A without a corresponding
increase in whole plant TSP indicates that some subset
of endogenous leaf soluble proteins must be down-reg-
ulated to accommodate heterologous cellulase synthe-
sis in TetC-cel6A tobacco (Fig. 5, “Other”). Overall,
at ambient CO,, TetC-cel6A tobacco averaged 25%
less “Other” proteins than WT tobacco. Meanwhile,
at elevated CO,, it is clear that reduced Rubisco lev-
els lead to higher Cel6A accumulation, but transfor-
mants also increased their pool of “Other” proteins,
suggesting that a recovery of necessary native protein
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expression in the TetC-cel6A plants enabled the return
to WT growth.

Discussion

Successful use of plastid engineering for commercial pro-
duction of proteins requires the generation of plants that
have both high recombinant protein accumulation as well
as reliable growth. However, chloroplast transformation
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sometimes unpredictably results in plants with mutant
phenotypes like chlorotic leaves, stunted growth, and
reduced fertility, even when grown in the well-managed
conditions of growth chambers and greenhouses [10, 15—
19]. These mutant phenotypes can be caused by either
broadly overwhelming the host plant’s protein metabo-
lism or by more specific perturbations driven by particu-
lar recombinant proteins and/or transgenic regulatory
elements.

We and others have shown that chloroplast-engineered
tobacco has a sizable capacity to reallocate resources
from endogenous proteins with no impact on plant
growth; however, at some point, reduced levels of native
proteins will compromise physiological processes. For
example, Oey and colleagues argued that recombinant
PlyGBS production to 70% of TSP exhausted native pro-
tein metabolism and severely stunted plant growth [15].
Recent work with the same TetC-cel6A tobacco trans-
formant used here, along with work from several other
groups, have demonstrated that plastid-engineered
plants can accumulate recombinant proteins up to 40%
of TSP without deleterious phenotypes [3, 9, 10]. This
buffering capacity to accommodate foreign protein syn-
thesis is highly dependent on growth conditions, as dem-
onstrated by the reduced biomass relative to WT and
lower Cel6A yields with lower N input for the TetC-cel6A
tobacco.

Additionally, in this nitrogen limitation trial, we had
hypothesized that Cel6A accumulation would be directly
correlated with ammonium nitrate input. However, while
total protein increased with increasing N, plants ferti-
lized with 4 mM ammonium nitrate accumulated twice
as much Cel6A, averaging 20% of TSP, as the plants in
the 1 mM and 8 mM treatments. In contrast, one previ-
ous study found that N fertilization that varied from 0 to
20 mM ammonium nitrate did not impact recombinant
protein accumulation as a percent of TSP [9].

We propose that heterologous protein accumulation
in response to changes in resource availability may be
partially dependent on the foreign protein’s resistance to
degradation by the plastid’s native protein degradation
machinery. Degradation of heterologous proteins appears
to be highly variable and dependent on the properties of
the foreign protein of interest [9, 19, 35, 36]. Nitrogen
limitation leads to increased protein turnover and/or
altered expression of specific proteases in plants to make
amino acids available for new protein synthesis [37-39].
Cel6A’s continued presence in 12-week-old plant tis-
sue after the onset of senescence suggests that it may be
resistant to degradation and therefore more stable than
native plant proteins. It is therefore possible that the high
Cel6A yield noted at the intermediate N treatment results
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from a metabolic “sweet spot” where there is differential
recycling of native proteins relative to Cel6A with less
protein turnover at the highest N level and more tightly
regulated protein synthesis at the lowest N treatment.
Recombinant protein expression in plastid-engineered
tobacco has previously been observed to alter native
protein expression [20]. Transplastomic tobacco plants
expressing either HPPD or GFP exhibited differential
accumulation in 1-2% of endogenous proteins identified
on a 2D-PAGE compared to WT tobacco; in particular,
the transformed plants reduced expression of several Cal-
vin cycle enzymes as well as glycine decarboxylase while
up-regulating chaperones and peroxidases used in stress
response [20]. More experimentation would be required
to confirm similar disruptions in our TetC-cel6A plants
and, then, subsequently optimize nutrient application for
enzyme production.

Similar to our N experiments, we hypothesized that
increased CO, availability might increase foreign pro-
tein yield in our transgenic plants by increasing biomass
and/or by altering protein allocation in the plant tissue
[40]. Well-fertilized C3 plants grown in elevated CO,
often exhibit increased carbon fixation and reduced total
Rubisco abundance [21, 22, 41]. Both of these metabolic
changes should enhance foreign protein production.
Indeed, the increase in CO, concentration alleviated
the stunted biomass phenotype in N-limited TetC-cel6A
plants, and we observed an increase in Cel6A and
“Other” native proteins concurrent with a significant
decrease in Rubisco content. Previous studies have iden-
tified proteins involved in photosynthesis, hormone syn-
thesis, and cell division as those “Other” native proteins
most often differentially expressed in C3 plants grown in
elevated CO, (reviewed in [21]).

Thus, cultivating GE plants in high CO, may be a
viable method of alleviating deleterious phenotypes
and enhancing foreign protein synthesis as a means of
improving commercial viability of plastid-engineered
plants for the production of certain target proteins.
Greenhouse cultivation of our TetC-cel6A tobacco
plants, assuming a 50-day growing period and supple-
mental lighting, yields raw production costs of approxi-
mately US$ 1.88 g~ Cel6A [42]. This is roughly 30-fold
higher than costs we calculated previously for field-
grown TetC-cel6A [3] and would not be cost competi-
tive with microbial fermenters at approximately $0.01 g™
cellulase [43]. Greenhouse production would, however,
be viable for production of higher value proteins such
as medical peptides which are produced in mammalian
expression systems at costs of up to US$300-3000 g~*
[44]. It would depend on the value of the protein whether
the additional cost of elevating CO, in the greenhouse to
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gain perhaps 30% higher foreign protein yields would be
beneficial.

Effectively adapting chloroplast-engineering to pro-
duce novel proteins of interest, like high-value medical
proteins, necessitates a stronger understanding of poten-
tial mechanisms of interaction between the recombinant
protein and the host system. Here, we have identified
some of these considerations as well as proposed meth-
ods of addressing common interferences with the native
host system. For example, altered mutant phenotypes
are not always caused by a depletion of protein resources
but by the enzymatic activity of the recombinant protein
interfering with host plant metabolism. Gray et al. (2009)
documented that Cel6A activity in crude protein extracts
was proportional to immunoblot density in their work
with the T0 generation TetC-cel6A; therefore, we propose
that Cel6A’s endoglucanase activity may be interfering
with GA metabolism, leading to the minor mutant phe-
notypes observed in well-fertilized TetC-cel6A tobacco.
The dwarf phenotype of our well-fertilized transgenic
tobacco is likely due to a truncation of stem internode
elongation rather than to reduced carbon metabolism
because dry matter, biomass, and leaf area were all simi-
lar to WT when grown with no limiting environmental
factors. This truncation, coupled with delayed germi-
nation, suggests that GA levels are diminished in our
transgenic plants [33, 34]. Furthermore, increased water
storage in our transgenic plants, reflected by elevated
fresh weight-to-dry weight ratios in our N-limitation
experiments (Additional file 6: Figure S4b), is also indica-
tive of decreased GA [45].

Since a portion of GA synthesis occurs in the chloro-
plast, it is possible that Cel6A is enzymatically interfer-
ing with GA intermediates, although a mechanism for
this interaction is not clear. However, because of their
ability to hydrolyze ether bonds of carbohydrates, recom-
binant cellulases have been reported numerous times to
interfere with native host plant metabolism, particularly
in the carbohydrate-rich chloroplast [46, 47]. As noted
earlier, one study suggested that their recombinant beta-
glucosidase activated hormone conjugates that increased
plant biomass [30], while another study attributed low
biomass and leaf chlorosis to the carbohydrate-binding
affinity of their recombinant cellulases [16]. Alternatively,
reductions in GA synthesis enzymes associated with the
reallocation of protein resources to Cel6A could reduce
synthesis of bioactive GA.

It is also possible for specific elements of the transgenic
cassette to generate mutant phenotypes independent of
protein synthesis by interfering with endogenous RNA-
binding proteins. For example, the use of an endogenous
gene’s ribosome binding site (RBS) may alter native gene
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expression, as was suggested to explain the substantial
decrease in Rubisco in plants expressing GFP and HPPD
under control of the native rbcL RBS [9]. If ribosome
binding at this RBS limits RbcL translation, then com-
petition between the native and transgenic RBS could
impede RbcL synthesis. Furthermore, the HPPD and
GFP expression cassettes were both targeted for inser-
tion adjacent to the native rbcL, which also may have
impacted native expression of rbcL.

There are, however, other examples of high-accumu-
lating transformants utilizing the rbcL leader sequence
that do not exhibit reduced Rubisco [10]. This led us
to consider whether downregulation of Rubisco in the
GFP tobacco line may be due to codon use. If the codon
use in the heterologous gene is very similar to RbcL, its
expression may result in competition for charged tRNAs.
Coding sequences utilizing many rare codons are often
poorly expressed [48]; therefore, it is general practice to
optimize codon use in heterologous genes to match the
host system’s native codon bias, as was done for GFP
[9]. However, because the plastid is derived from bac-
teria, prokaryotic genes are often used directly with no
modification.

To illustrate this point, we compared the codon use
of several heterologous recombinant genes that were
not codon optimized and the codon-optimized GFP
to that of Nicotiana tabacum’s native rbcL (Fig. 6). The
unoptimized genes include, our own TetC-cel6A [12]
and NPTII-bg/C [13], as well as another group’s recom-
binant xylanase and beta-glucosidase, CelB [10]. The GE
plants containing these transgenes all achieved foreign
protein yields of at least 30% of TSP, except NPTII-bgiC
which yielded approximately 15% of TSP and none of
the engineered lines exhibited any deleterious mutant
phenotypes.

Unsurprisingly, the codon use of the codon-optimized
GEFP is far more similar to RbcL than the genes that were
not optimized. Rubisco content, quantified by immu-
noblots or estimated from SDS-PAGE images included
in the original papers, was most substantially reduced
in the GFP-expressing tobacco, moderately reduced
in HPPD-expressing plants, and not reduced at all in
tobacco expressing TetC-Cel6A, NPTII-BglC, Xylanase,
or CelB. HPPD is a unique case because tobacco pos-
sesses an endogenous copy of HPPD, which may alter
plant response to foreign HPPD expression. Of the sub-
set of recombinant proteins that are truly foreign to
tobacco, only the codon-optimized GFP suffered notable
reductions in Rubisco. Thus, we propose that depressed
expression of endogenous proteins can be specific to
some component of the expression cassette, like the
5'UTR or RBS, or be caused by a more general diversion
of resources.
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Codon Optimized
Not Codon Optimized
I 1

Difference in Codon Bias from tobacco RbcL

CelB

GFP HPPD TetC- NPTIl Xyn
Cel6A -BgIC

Fig. 6 Summary of codon bias for several recombinant proteins
compared to tobacco Rbcl. Codon use (represented as proportions
of each amino acid) of five different chloroplast-engineered
recombinant genes was compared to that of Nicotiana tabacum
Rbcl to investigate the effect of codon optimization on Rubisco

abundance in the transformed plants

Conclusion

In this paper, we highlight some of the potential physi-
ological challenges associated with producing a foreign
protein to high levels in plant chloroplasts, but also
explore interventions that could be implemented in the
field or in customized plant growth chambers to ame-
liorate deleterious phenotypes. Consequently, these
experiments with TetC-cel6A tobacco add to a grow-
ing body of work that demonstrates the feasibility of
using plastid-engineered plants as a means of producing
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high-value proteins, potentially replacing the use of
microbial and mammalian cell culture in some appli-
cations. Most notably, we demonstrated that cultivat-
ing over-burdened GE plants in elevated CO, increases
biomass, alleviates mutant phenotypes, and bolsters
recombinant protein synthesis. We also presented a
case for a recombinant protein enzymatically interfer-
ing with native metabolism. Finally, we offered some
insights into other acute interactions between trans-
genic elements and the host plant system. Commer-
cializing GE plants for high-value protein production
relies on generating transgenic plants that produce and
accumulate recombinant protein at high levels with reli-
ably healthy plant growth. To accomplish this, we need
to both better understand resultant alterations in plant
physiology as well as to better understand plastid gene
regulation. Both can lead to important insights about
how to balance protein resource allocation with heter-
ologous protein synthesis.

Methods

Cultivation of soil-grown tobacco

For the soil cultivation experiment, seeds were sown
directly into 1-gallon pots containing soil and 10 g
of 15-9-12 Osmocote fertilizer. Plants were watered
as needed for the duration of the experiment with
untreated tap water. The growth chamber was main-
tained on a 25 °C/20 °C day/night cycle with an 18-h day
length. Chamber solar radiation was 300 micromoles
m~2 day ! and relative humidity was set to 70%. Plant
trays were rotated every third day throughout the cham-
ber to ensure that all plants received on average the same
growth conditions.

Sixteen plants were grown for each genotype, WT
and TetC-cel6A, and four individuals were randomly
selected for harvest at each of four time points (2, 6, 9,
and 12 weeks of age).

Tissue harvesting

At harvest, the aboveground biomass was weighed, and
tissue was collected for protein and dry weight analy-
sis. Tissues samples averaging 4—8 cm? leaf area for the
CO,-ammonium nitrate trials and 2—6 cm? for the age-
dependence trial were collected from all green leaves of
the plant. For 2-week-old seedlings of the age-depend-
ence trial, the entire plant excluding the roots was har-
vested. All collected tissue was frozen in liquid nitrogen
and stored at -80 °C until further analyses.

Growth measurements

Stem length was measured from soil surface to apex with
a tape measure. Measurements were taken six times
throughout the duration of the experiment.
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Gibberellic acid treatment
Seeds were sterilized in 100% ethanol for 1 min and a 40%
bleach, 0.5% SDS solution for 10 min before being rinsed
four times in sterile water. Sterilized seeds were then placed
evenly in two rows on a 15-cm diameter petri dish contain-
ing Murashige and Skoog media (3% sucrose) with either no
GA,; (bioactive GA) or 1 uM GA;. The GA; stock solution
was prepared by dissolving powdered GA; (Sigma-Aldrich)
in 100% ethanol and filter-sterilized through a 0.2-pm filter.
Plates were then placed in the dark at 4 °C for 3 days
before moving into a growth chamber with 16 h day
length at 21 °C. Seeds were checked for root and coty-
ledon emergence every morning at the same time for 9
days. Plates were also photographed for shoot and root
length measurements for a total of 24 days. These meas-
urements were carried out on the same 16 representative
seedlings in Image] [49] (version 1.52a).

Cultivation of nitrogen-limited and CO,-enriched tobacco
WT and TetC-cel6A tobacco plants were grown in a Per-
cival Scientific Inc. plant growth chamber (Iowa, USA)
with 18-h days, 22 °C, 65% relative humidity, and illumi-
nated with 280 micromoles m~ day™!. For the elevated
CO, trial, CO, was supplemented with Pure Clean CO,
(99.995% purity, Airgas, Pennsylvania, USA). Tobacco
was seeded on soil and watered with fertilizer nutri-
ent solution for 14 days before being transplanted into
4-inch-diameter round pots with autoclaved vermiculite.
Six plants were grown per ammonium nitrate treatment
for both genotypes. Plants were watered every 3 days
with 50 mL of premade liquid nutrient solution (1, 4, or
8 mM NH,NO,, 4 mM CaSO,, 30 uM CaCl,, 250 uM
KH,PO,, 750 uM MgSO,, 20 uM EDTA, 20 uM FeSO,,
2 uM ZnSO, 0.5 pM CuSO,, 2 pM MnSO,, 0.5 pM
Na,MoO,, and 42 uM H,;BO, [adapted from [41]). Six
week old plants were harvested for data analysis after 4
weeks of the ammonium nitrate treatment.

Dry weight analyses

Weight measurements were made on two separate sam-
ples of all genotypes before and after drying the tissue.
Approximately 200 mg of fresh tobacco leaf tissue was
dried in pre-weighed and pre-dried envelopes.

Carbon and nitrogen analysis

Total carbon and nitrogen were analyzed by the Cornell
Nutrient Analysis Laboratory (Ithaca, NY) using a com-
bustion analysis of dry tissue (n=2).

Leaf protein extraction
Frozen WT and TetC-cel6A leaf samples were manually
ground on ice using a micropestle for 10 min (n=3). A
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final volume of 500 pL (300 pL for 2-week-old seedlings)
of protein extraction buffer (20 mM Tris—HCl, 1 mL
Triton X-100, 0.1% SDS, 1.5 mM PMSE, and 0.001%
[B-mercaptoethanol) was added to the ground tissue. The
samples were vortexed thoroughly before being centri-
fuged for 3 min at 20,000 x g at 4 °C. The supernatant was
extracted, aliquoted, and stored at -80 °C until use.

Total protein quantification

Total soluble protein from the tobacco tissue samples was
quantified using a standard Bradford Assay. The BioRad
Quick Start Bovine Serum Albumin Standard Set and 1X
Dye Reagent (BioRad, Hercules, CA, USA) were used for
all Bradford Assays. Tobacco samples were diluted with
the extraction buffer described above to achieve a con-
centration within the linear range of the standard curve.
Absorbance measurements were carried out on a BioTek
Industries Synergy 4 plate reader (BioTek Industries,
Winooski, VT, USA) at 595 nm.

Immunoblotting

Protein samples and standards were mixed in a 1:1 ratio
with a 2X Laemmli Sample Buffer (BioRad, Hercules, CA,
USA), electrophoresed through 12% polyacrylamide gels
and then transferred to PVDF membranes (BioRad, Her-
cules, CA, USA). Purified Rubisco protein (Agrisera, Vén-
nis, Sweden) was used for standard curve quantitation.
Purified Cel6A and the anti-Cel6A primary antibody [50,
51] were supplied by the laboratory of the late professor
David Wilson (Cornell University, Ithaca, NY, USA). The
anti-Rubisco antibody was generously donated by Martin
Parry (University of Lancaster, UK) [52, 53]. The second-
ary antibody used for all blots was a horseradish perox-
idase-linked whole anti-rabbit IgG produced in donkey
(GE Healthcare Life Sciences, Pittsburgh, PA, USA). All
primary and secondary antibody treatments were diluted
1:20,000 in Antibody Signal Enhancer (Amresco, Solon,
OH, USA).

Membranes were developed using a TMB stabilized
substrate dye for horseradish peroxidase (Promega,
Madison, WI, USA). Densitometry was performed using
image analysis software (Integrated density in Image]
[46]).

Codon optimization

Transcript sequences were obtained for Beta-glucosi-
dase CelB (NCBI Accession AF013169.2), endo-f3-
1,4-xylanase (NCBI Accession KJ466334) [10], HPPD
[11] (NCBI Accession DQ459069.1), GFP [9] ( NCBI
Accession EU870886.1), TetC-Cel6A [12], NPTII-BglC
[13], and RbcL (NCBI Accession LT576836.1). Relative
codon usage ratios were obtained using the Sequence
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Manipulation Suite: Codon Usage tool (http://www.bioin
formatics.org/sms2/codon_usage.html). The absolute
value of the difference of use proportion for each codon
was compared between each test gene and rbcL.

Statistical analysis

Statistics were analyzed using the JMP (Version 14.3).
The Tukey-Kramer HSD test was used for pair-wise
comparisons of the effects of age and genotype on vari-
ous plant measurements in soil-grown tobacco as well
as for comparisons of the effect of ammonium nitrate
treatment for vermiculite-grown tobacco (alpha=0.05).
Tukey HSD was used for pair-wise comparisons of stem
length by age, genotype, and GA treatment in the GA
application trial (alpha=0.05). Finally, two-tailed Stu-
dent’s t-tests were used to compare differences in means
of all single-factor comparisons, assuming unequal vari-
ances (alpha=0.05). A full statistics summary can be
found in Additional file 2: Table S1, although p-values of
notable comparisons were included in figures, figure leg-
ends, and/or text.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513068-021-01893-2.

Additional file 1: Figure S1. Additional growth measurements of soil-
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between WT and TetC-cel6A tobacco by plant age. Bar heights and data
points correspond to the mean and error bars reflect the standard error
of the means. See "Methods" for a description of statistical analyses and
Additional file 2: Table ST contains a full detailed statistics report.

Additional file 2: Table S1. Statistical analysis of data for all growth trials.

Additional file 3: Figure S2. Protein accumulation normalized for whole
plant biomass. a TSP and b Cel6A from seedling to senescent plant. c and
d Depict total protein allocated to Rubisco, Cel6A, and “Other”endog-
enous proteins. Bar heights and data points correspond to the mean and
error bars reflect the standard error of the means (n=3). See "Methods"
for a description of statistical analyses and Additional file 2: Table S1 con-
tains a full detailed statistics report.

Additional file 4: Figure S3. Comparison of the effect of GA on average
days until root emergence between genotypes. Bar heights correspond to
the mean and error bars reflect the standard error of the means (n = 60).
The p-values of notable comparisons are labeled with red asterisks,
p<0.001 (***). See "Methods" for a description of statistical analyses and
Additional file 2: Table ST contains a full detailed statistics report.

Additional file 5: Figure S4. Effect of enhanced CO, on dry weight, water
storage, and whole plant Cel6A accumulation. a Dry weight accumula-
tion. b Water storage comparison between genotypes and CO, treatment
calculated as the ratio between fresh weight and dry weight. ¢ Cel6A yield
normalized to biomass. Bar heights correspond to the mean and error bars
reflect the standard error of the means (n = 3). The p-values for notable
comparisons between genotypes (red asterisks) and CO, treatment (blue
asterisks) are labeled as follows, p<0.05 (*), p<0.01 (**), and p <0.001 (***).
See "Methods" for a description of statistical analyses and Additional file 2:
Table S1 contains a full detailed statistics report.
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http://www.bioinformatics.org/sms2/codon_usage.html
http://www.bioinformatics.org/sms2/codon_usage.html
https://doi.org/10.1186/s13068-021-01893-2
https://doi.org/10.1186/s13068-021-01893-2

Schmidst et al. Biotechnol Biofuels (2021) 14:42

Abbreviations

GE: Genetic engineering; TSP: Total soluble protein; UTR: Untranslated region;
WT: Wildtype; GA: Gibberellic acid; N: Nitrogen; RBS: Ribosome binding site;
ORF: Open reading frame.

Acknowledgements
We would like to thank the reviewers for their input and suggestions.

Authors’ contributions

JAS, LVR, and LAC planted, maintained, and harvested the plants used in the
growth trials. JAS performed immunoblots, data analysis, and statistical analy-
ses. JAS also produced all figures. BAA and JAS conceived of the project and
wrote the manuscript. All read and approved the final manuscript.

Funding

This work is supported in part by the AFRI NIFA Fellowships Grant Program
(2018-67011-28027/project accession No. 1015534) awarded to JAS from
the USDA National Institute of Food and Agriculture. Any opinions, findings,
conclusions or recommendations expressed in this publication are those of
the author(s) and do not necessarily reflect the view of the US Department of
Agriculture.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the
article and Additional file 6: Table S2.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable

Competing interests
The authors declare no competing interests.

Received: 22 July 2020 Accepted: 28 January 2021
Published online: 10 February 2021

References

1. XuJ, Towler M, Weathers P. Platforms for Plant-Based Protein Production.
In: Bley T, editor. Pavlov A. Bioprocessing of Plant In Vitro Systems. Refer-
ence Series in Phytochemistry. Cham: Springer; 2016. p. 1-40.

2. Twyman RM, Stoger E, Schillberg S, Christou P, Fischer R. Molecular farm-
ing in plants: host systems and expression technology. Trends Biotechnol.
2003;21(12):570-8.

3. Schmidt JA, McGrath JM, Hanson MR, Long SP, Ahner BA. Field-
grown tobacco plants maintain robust growth while accumulating
large quantities of a bacterial cellulase in chloroplasts. Nature Plants.
2019,5(7):715-21.

4. Stoger E, Fischer R, Moloney M, Ma JKC. Plant molecular pharming for
the treatment of chronic and infectious diseases. Annu Rev Plant Biol.
2014,65:743-68.

5. Tusé D, TuT, McDonald KA. Manufacturing economics of plant-made
biologics: case studies in therapeutic and industrial enzymes. Biomed Res
Int. 2014,2014.

6. Golczyk H, Greiner S, Wanner G, Weihe A, Bock R, Bérner T, et al. Chlo-
roplast DNA in mature and senescing leaves: a reappraisal. Plant Cell.
2014,26(3):847-54.

7. Shaver JM, Oldenburg DJ, Bendich AJ. Changes in chloroplast DNA dur-
ing development in tobacco, Medicago truncatula, pea, and maize. Planta.
2006;224(1):72-82.

8. Maliga P, Bock R. Plastid biotechnology: food, fuel, and medicine for the
21st century. Plant Physiol. 2011;155(4):1501-10.

9. Bally J,Nadai M, Vitel M, Rolland A, Dumain R, Dubald M. Plant physiologi-
cal adaptations to the massive foreign protein synthesis occurring in
recombinant chloroplasts. Plant Physiol. 2009;150(3):1474-81.

10. Castiglia D, Sannino L, Marcolongo L, lonata E, Tamburino R, de Stradis
A, et al. High-level expression of thermostable cellulolytic enzymes

20.

21

22.

23.

24.

25.

26.

28.

29.

Page 13 of 14

in tobacco transplastomic plants and their use in hydrolysis of an
industrially pretreated Arundo donax L biomass. Biotechnol Biofuels.
2016;9(1):154.

. Dufourmantel N, Dubald M, Matringe M, Canard H, Garcon F, Job C, et al.

Generation and characterization of soybean and marker-free tobacco
plastid transformants over-expressing a bacterial 4-hydroxyphenylpyru-
vate dioxygenase which provides strong herbicide tolerance. Plant
Biotechnol J. 2007;5(1):118-33.

Gray BN, Ahner BA, Hanson MR. High-level bacterial cellulase accumula-
tion in chloroplast-transformed tobacco mediated by downstream box
fusions. Biotechnol Bioeng. 2009;102(4):1045-54.

Gray BN, Yang H, Ahner BA, Hanson MR. An efficient downstream box
fusion allows high-level accumulation of active bacterial beta-glucosi-
dase in tobacco chloroplasts. Plant Mol Biol. 2011;76(3):345-55.

Maliga P. Plastid transformation in higher plants. Annu Rev Plant Biol.
2004;55:289-313.

Oey M, Lohse M, Kreikemeyer B, Bock R. Exhaustion of the chloroplast
protein synthesis capacity by massive expression of a highly stable
protein antibiotic. Plant J. 2009;57(3):436-45.

Petersen K, Bock R. High-level expression of a suite of thermostable cell
wall-degrading enzymes from the chloroplast genome. Plant Mol Biol.
2011,76(3-5):311-21.

Tregoning JS, Nixon P, Kuroda H, Svab Z, Clare S, Bowe F, et al. Expression
of tetanus toxin fragment C in tobacco chloroplasts. Nucleic Acids Res.
2003;31(4):1174-9.

Chakrabarti SK, Lutz KA, Lertwiriyawong B, Svab Z, Maliga P. Expression of
the cry9Aa2 B.t. gene in tobacco chloroplasts confers resistance to potato
tuber moth. Transgenic Res. 2006;15(4):481-8.

Zhou F, Badillo-Corona JA, Karcher D, Gonzalez-Rabade N, Piepenburg K,
Borchers AM, et al. High-level expression of human immunodeficiency
virus antigens from the tobacco and tomato plastid genomes. Plant
Biotechnol J. 2008,6(9):897-913.

Bally J, Job C, Belghazi M, Job D. Metabolic adaptation in transplas-
tomic plants massively accumulating recombinant proteins. PLoS ONE.
2011;6(9):e25289.

Huang B, Xu Y. Cellular and Molecular Mechanisms for Elevated
CO,—Regulation of Plant Growth and Stress Adaptation. Crop Sci.
2015;55(4):1405-24.

Stitt M, Krapp A. The interaction between elevated carbon dioxide and
nitrogen nutrition: the physiological and molecular background. Plant,
Cell Environ. 1999;22(6):583-621.

Kolotilin I, Kaldis A, Pereira EO, Laberge S, Menassa R. Optimization

of transplastomic production of hemicellulases in tobacco: effects

of expression cassette configuration and tobacco cultivar used as
production platform on recombinant protein yields. Biotechnol Biofuels.
2013;6(1):1.

Lenzi P, Scotti N, Alagna F, Tornesello ML, Pompa A, Vitale A, et al. Trans-
lational fusion of chloroplast-expressed human papillomavirus type 16
L1 capsid protein enhances antigen accumulation in transplastomic
tobacco. Transgenic Res. 2008;17(6):1091-102.

Longoni P, Leelavathi S, Doria E, Reddy VS, Cella R. Production by tobacco
transplastomic plants of recombinant fungal and bacterial cell-wall
degrading enzymes to be used for cellulosic biomass saccharification.
Biomed Res Int. 2015;2015:1.

Kuroda H, Maliga P. Overexpression of the c/pP 5’-untranslated region in
a chimeric context causes a mutant phenotype, suggesting competition
for a cpP-specific RNA maturation factor in tobacco chloroplasts. Plant
Physiol. 2002;129(4):1600-6.

. Zoschke R, Bock R. Chloroplast translation: structural and func-

tional organization, operational control, and regulation. Plant Cell.
2018;30(4):745-70.

Bock R. Engineering plastid genomes: Methods, tools, and applica-

tions in basic research and biotechnology. Annu Rev Plant Biol.
2015;66(1):211-41.

Komar AA.The art of gene redesign and recombinant protein produc-
tion: approaches and perspectives. Protein Therapeutics: Springer; 2016.
p. 161-77.

Jin'S, Kanagaraj A, Verma D, Lange T, Daniell H. Release of hormones from
conjugates: chloroplast expression of 3-glucosidase results in elevated
phytohormone levels associated with significant increase in biomass and



Schmidt et al. Biotechnol Biofuels (2021) 14:42

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

protection from aphids or whiteflies conferred by sucrose esters. Plant
Physiol. 2011;155(1):222-35.

Gray BN, Ahner BA, Hanson MR. Extensive homologous recombination
between introduced and native regulatory plastid DNA elements in
transplastomic plants. Transgenic Res. 2009;18(4):559-72.

Bhat M. Cellulases and related enzymes in biotechnology. Biotechnol
Adv. 2000;18(5):355-83.

Hedden P, Proebsting WM. Genetic analysis of gibberellin biosynthesis.
Plant Physiol. 1999;119(2):365-70.

Piskurewicz U, Jikumaru Y, Kinoshita N, Nambara E, Kamiya Y, Lopez-
Molina L. The gibberellic acid signaling repressor RGL2 inhibits Arabi-
dopsis seed germination by stimulating abscisic acid synthesis and ABI5
activity. Plant Cell. 2008;20(10):2729-45.

Birch-Machin |, Newell CA, Hibberd JM, Gray JC. Accumulation of rotavirus

VP6 protein in chloroplasts of transplastomic tobacco is limited by pro-
tein stability. Plant Biotechnol J. 2004;2(3):261-70.

Oey M, Lohse M, Scharff LB, Kreikemeyer B, Bock R. Plastid produc-

tion of protein antibiotics against pneumonia via a new strategy for
high-level expression of antimicrobial proteins. Proc Natl Acad Sci.
2009;106(16):6579-84.

Esquivel MG, Ferreira RB, Teixeira AR. Protein degradation in C3 and C4
plants subjected to nutrient starvation. Particular reference to ribulose
bisphosphate carboxylase/oxygenase and glycolate oxidase. Plant Sci.
2000;153(1):15-23.

Feller U, Anders I, Demirevska K. Degradation of rubisco and other
chloroplast proteins under abiotic stress. Gen Appl Plant Physiol.
2008;34(1-2):5-18.

Kingston-Smith AH, Bollard AL, Minchin FR. Stress-induced changes in
protease composition are determined by nitrogen supply in non-nodu-
lating white clover. J Exp Bot. 2005;56(412):745-53.

Busch FA, Sage RF, Farquhar GD. Plants increase CO, uptake by
assimilating nitrogen via the photorespiratory pathway. Nature Plants.
2018:4(1):46.

Geiger M, Haake V, Ludewig F, Sonnewald U, Stitt M. Influence of nitrate
and ammonium nitrate supply on the response of photosynthesis,

carbon and nitrogen metabolism, and growth to elevated carbon dioxide

in tobacco. Plant Cell Environ. 1999;22:1177-99.
Albright L, Scullary D, Hall M, de Villiers D, Brechner M, Shelford T, et al.
Tobacco transformation and cellulase to define how root and aerial

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 14 of 14

temperatures and daily light integrals influence biomass and protein
production. Ithaca, NY: National Institute of Food and Agriculture, United
States Department of Agriculture; 2010.

Liu G, Zhang J, Bao J. Cost evaluation of cellulase enzyme for industrial-
scale cellulosic ethanol production based on rigorous Aspen Plus
modeling. Bioprocess Biosyst Eng. 2016;39(1):133-40.

Doran PM. Foreign protein production in plant tissue cultures. Curr Opin
Biotechnol. 2000;11(2):199-204.

Biemelt S, Tschiersch H, Sonnewald U. Impact of altered gibberellin
metabolism on biomass accumulation, lignin biosynthesis, and photo-
synthesis in transgenic tobacco plants. Plant Physiol. 2004;135(1):254-65.
Facchinelli F, Weber A. The metabolite transporters of the plastid enve-
lope: an update. Front Plant Sci. 2011;2:50.

Tomme P, Warren R, Gilkes N. Cellulose hydrolysis by bacteria and fungi.
Adv Microb Physiol. 1995;37:1-81.

Bulmer M. The selection-mutation-drift theory of synonymous codon
usage. Genetics. 1991;129(3):897-907.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
image analysis. Nat Methods. 2012,9(7):671.

Caspi J, Barak Y, Haimovitz R, Gilary H, Irwin DC, Lamed R, et al.
Thermobifida fusca exoglucanase Cel6B is incompatible with the cel-
lulosomal mode in contrast to endoglucanase Cel6A. Syst Synth Biol.
2010;4(3):193-201.

Caspi J, Irwin D, Lamed R, Shoham Y, Fierobe H-P, Wilson DB, et al.
Thermobifida fusca family-6 cellulases as potential designer cellulosome
components. Biocatal Biotransform. 2006,24(1-2):3-12.

Lin MT, Hanson MR. Red algal Rubisco fails to accumulate in transplas-
tomic tobacco expressing Griffithsia monilis RbcL and RbcS genes. Plant
Direct. 2018;2(2):1-10.

Lin MT, Stone WD, Chaudhari V, Hanson MR. Enzyme kinetics of tobacco
Rubisco expressed in Escherichia coli varies depending on the small
subunit composition. Preprint at https://www.biorxiv.org/content/10110
1/562223v1.2019:562223.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.biorxiv.org/content/101101/562223v1
https://www.biorxiv.org/content/101101/562223v1

	Mitigation of deleterious phenotypes in chloroplast-engineered plants accumulating high levels of foreign proteins
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	TetC-cel6A tobacco exhibited only a minor dwarf phenotype despite substantial accumulation of recombinant cellulase
	Exogenous gibberellic acid application alleviates the delayed germination and dwarf phenotype in TetC-cel6A tobacco
	Elevated CO2 improves growth of TetC-cel6A plants when grown in nutrient-limiting conditions
	Elevated CO2 enables reallocation of protein resources, increasing recombinant cellulase production and bolstering accumulation of native proteins

	Discussion
	Conclusion
	Methods
	Cultivation of soil-grown tobacco
	Tissue harvesting
	Growth measurements
	Gibberellic acid treatment
	Cultivation of nitrogen-limited and CO2-enriched tobacco
	Dry weight analyses
	Carbon and nitrogen analysis
	Leaf protein extraction
	Total protein quantification
	Immunoblotting
	Codon optimization
	Statistical analysis

	Acknowledgements
	References




