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Abstract

Main conclusion Downregulation in the expression of the signal recognition particle 43 (SRP43) gene in tobacco
conferred a truncated photosynthetic light-harvesting antenna (TLA property), and resulted in plants with a greater
leaf-to-stem ratio, improved photosynthetic productivity and canopy biomass accumulation under high-density cul-
tivation conditions.

Evolution of sizable arrays of light-harvesting antennae in all photosynthetic systems confers a survival advantage for the
organism in the wild, where sunlight is often the growth-limiting factor. In crop monocultures, however, this property is
strongly counterproductive, when growth takes place under direct and excess sunlight. The large arrays of light-harvesting
antennae in crop plants cause the surface of the canopies to over-absorb solar irradiance, far in excess of what is needed to
saturate photosynthesis and forcing them to engage in wasteful dissipation of the excess energy. Evidence in this work showed
that downregulation by RNA-interference approaches of the Nicotiana tabacum signal recognition particle 43 (SRP43), a
nuclear gene encoding a chloroplast-localized component of the photosynthetic light-harvesting assembly pathway, caused a
decrease in the light-harvesting antenna size of the photosystems, a corresponding increase in the photosynthetic productivity
of chlorophyll in the leaves, and improved tobacco plant canopy biomass accumulation under high-density cultivation condi-
tions. Importantly, the resulting TLA transgenic plants had a substantially greater leaf-to-stem biomass ratio, compared to
those of the wild type, grown under identical agronomic conditions. The results are discussed in terms of the potential benefit
that could accrue to agriculture upon application of the TLA-technology to crop plants, entailing higher density planting
with plants having a greater biomass and leaf-to-stem ratio, translating into greater crop yields per plant with canopies in a
novel agronomic configuration.

Keywords Canopy density - Chlorophyll-deficient mutant - Light-harvesting antenna size - Productivity - TLA technology

Abbreviations NPQ Non-photochemical quenching
Car Carotenoids PS Photosystem
Chl Chlorophyll TLA Truncated light-harvesting antenna

TLA3-RNAi Nicotiana tabacum TLA3-CpSRP43 gene
downregulation of expression by RNA
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to photochemical reaction centers. The latter converts the
absorbed irradiance to chemical energy via the photochemi-
cal charge separation reaction, which is viewed as the begin-
ning step of photosynthesis. The evolution of sizable arrays
of light-harvesting antennae in all photosynthetic systems
confers a selective survival advantage to the organism in
nature, where sunlight intensity is often the growth-limiting
parameter. Successful competition in nature requires captur-
ing more sunlight for self, even if wasted, and preventing
light capture by competing neighbors (Melis 2009; Kirst
and Melis 2018). Consequently, top layers of plant cano-
pies in agricultural settings, and upper layers of microalgae
in high-density liquid cultures absorb direct sunlight far in
excess of what is needed to saturate photosynthesis (Naka-
jima and Ueda 1997; Melis et al. 1999; Polle et al. 2003;
Melis 2009; Ort et al. 2011; Kirst and Melis 2014). Excess
absorbed irradiance is dissipated in an orderly manner by
the photosystems via non-photochemical quenching (NPQ)
mechanisms, which evolved to protect the photosynthetic
apparatus and prevent photosensitized damage and bleach-
ing (Miiller et al. 2001; Ruban 2016; Wobbe et al. 2016;
Dall’Osto et al. 2017).

In organisms of oxygenic photosynthesis, large arrays of
light-harvesting pigment—protein complexes are assembled as
peripheral antenna components of photosystem I (PSI) and
photosystem II (PSII) (Jansson et al. 1992; Jansson 1994;
Masuda et al. 2002). Minimizing, or truncating, the Chl
antenna size of the photosystems would limit excess-absorp-
tion of sunlight and can, therefore, improve photosynthetic
solar energy conversion efficiency and productivity in cul-
tivations with a high-density foliage (Melis 2009; Ort et al.
2011; Kirst et al. 2017). The rationale in crop plants is that
individual chloroplasts and photosystems with a smaller Chl
antenna size in the upper canopy leaves will have a diminished
probability of absorbing sunlight, thereby permitting greater
penetration and a more uniform distribution and utilization of
irradiance throughout the foliage of the high-density canopy.
Such altered optical properties would alleviate over-absorp-
tion and wasteful dissipation of sunlight by the upper canopy,
permit greater penetration of sunlight in the canopy interior,
and enhance photosynthetic productivity of the foliage as a
whole. The truncated light-harvesting antenna (TLA) concept,
referring to a smaller than wild-type Chl antenna size of the
photosystems, has found noteworthy success in the case of
high-density cultivation of microalgae (Nakajima and Ueda
1997, 1999; Melis et al. 1999; Polle et al. 2003; Nakajima
et al. 2001; Mussgnug et al. 2007) and cyanobacteria (Naka-
jima and Ueda 1997, 1999; Kirst et al. 2014).

The situation with crop plants is less clear and more work
is needed both to demonstrate the utility of the TLA concept
and to identify genes that can be applied in this endeavor.
In recent work, Kirst et al. (2017) presented evidence to
show that decreasing the light-harvesting antenna size of the
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photosystems in the existing Su/su Chl-deficient mutant of
tobacco (Okabe et al. 1977) helps to increase the photosyn-
thetic productivity and plant canopy biomass accumulation
under high-density cultivation conditions. However, Slattery
et al. (2017) reported that the Y11y11 and y9y9 Chl-deficient
TLA-mutants of soybean (Droppa et al. 1988; Ghirardi and
Melis 1988), despite a 50% loss in Chl per leaf area, did not
exhibit improvements in canopy-level processes relative to the
wild type and showed only a small negative effect on biomass
accumulation. Slattery et al. (2017) concluded that soybean
significantly overinvests in Chl, a notion pursued in more
recent publications (Song et al. 2017; Walker et al. 2017).

Nicotiana tabacum (tobacco), as a model plant system, is
readily amenable to nuclear and chloroplast transformations
and, therefore, suitable as a platform for foliar production
of commodity, immunotherapeutic, and biopharmaceutical
products. It offers advantages including the possibility to be
coppiced multiple times per year (Andrianov et al. 2010).
Large-scale agricultural infrastructure for planting, growing,
harvesting and handling tobacco leaves is in place. There-
fore, tobacco farmers would benefit using it as a commod-
ity crop plant, and also by planting closer together without
canopy shading concerns, thus providing more yield per
hectare. However, important for the above considerations
is the foliar biomass productivity, improvement of which is
the focal point of current effort.

In this work, the TLA concept was applied to high-density
tobacco cultivations. Photosynthetic antenna engineering of
tobacco was achieved upon downregulation in the expression
of the N. tabacum nuclear-encoded CpSRP43 gene, which con-
ferred a TLA property to the plants. CpSRP43 was selected as
a downregulation target because it is the first of the CpSRP
pathway proteins postulated to engage chloroplast-imported
light-harvesting apoproteins in the pathway to thylakoid mem-
brane assembly sites (Kirst and Melis 2014, 2018). The work
showed significant biomass accumulation improvements in
such TLA tobacco canopies over that measured in wild-type
counterparts grown under the same ambient conditions. The
work also showed feasibility of gene manipulation in higher
plants for the engineering of the Chl antenna size, as a tool for
the generation of better performing TLA-crop plants.

Materials and methods
Plant material

Nicotiana tabacum, cv NL Madole Dark (tobacco wild
type, Berkeley-ALCS2) and the corresponding transfor-
mant “TLA3-CpSRP43 gene downregulation of expression
by RNA interference” (TLA3-RNAi) T1 generation were
grown in controlled growth chambers in the lab under arti-
ficial illumination (Fig. S1) and in the greenhouse under
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ambient sunlight conditions. Plants in the greenhouse were
watered with Peter’s 20-20-20 nutrients (100 ppm) supple-
mented with YaraLiva CaNO; CALCINIT 15.5-0-0 (also
100 ppm), twice per week.

Generation of TLA3-RNAI constructs
and transformants

Nicotiana tabacum contains two nuclear-encoded Signal
Recognition Particle 43 genes, henceforth referred to as
TLA3 genes (Kirst et al. 2012b), the proteins of which are
targeted to the chloroplast (TLA3-CpSRP43). Nucleotide
sequence identity between the two TLA3 CpSRP43 genes
found in the genome of N. tabacum is greater than 95%
(Supplementary Materials). Therefore, efforts to knock-
down expression of both genes required the use of only
one of the cDNAs, which was cloned into the RNAIi vec-
tor (Fig. S2). The full length N. tabacum TLA3 CpSRP43
cDNA (Supplementary Materials) was used to generate the
TLA3-RNAi transformants (Fig. 1). The pTLA3-RNAI vec-
tor was constructed using the pCambia 2300 plasmid as a
backbone. HindIII and EcoRI restriction sites were used to
clone a CaMV 35S promoter (single enhancer version), a
new multiple cloning site, and the RBCS terminator into
the backbone. The Xbal and BamHI sites of the new mul-
tiple cloning site were used to clone intron 11 of the TLA2
CpFtsY gene (Kirst et al. 2012a) into the plasmid, splitting
the multiple cloning site into two parts to allow the cloning
of the forward and reverse direction of the gene. This TLA2
CpFtsY gene intron functioned as a spacer between the two
directions of the TLA3 CpSRP43 gene (Fig. 1). The forward
and reverse directions of the TLA3 gene were then cloned
into the plasmid leaving minimal cloning scars (see plasmid
nucleotide sequence in the Supplementary Materials).

Semi-quantitative reverse transcription-polymerase
chain reaction (QRT-PCR)

Total RNA was isolated from tobacco leaves using a Tri-
zol reagent. First-strand cDNA synthesis from both the
TLA3-CpSRP43 and actin transcripts was performed using
the Superscript II protocol according to the manufacturer’s
instructions. QRT-PCR was implemented to evaluate the

| tla3 forward
35S promoter

spacer tla3 reverse

Fig.1 Schematic presentation of pTLA3-RNAi plasmid for the
downregulation of expression of the TLA3 (CpSRP43) gene in Nico-
tiana tabacum. 35S promoter of CaMV; kanamycin-resistant cassette

level of TLA3-CpSRP43 and actin mRNA using a Biorad
S1000 Thermal cycler. The 50-pl PCR reaction mixture
included 2.5 units of Tag DNA Polymerase (Qiagen), 1x of
10x PCR buffer, 1 pg of cDNA template, 200 uM of dANTP
mix and 0.5 pM of each primer. QRT-PCR was carried out in
duplicates to ensure reproducibility of the results. Reaction
mixtures were initially heated for 3 min at 94 °C followed
by 35 cycles for 1 min at 94 °C, 1 min at 58 °C (TLA3-
RNAI1)/56 °C (actin), 1 min at 72 °C, and a final 10 min
extension at 72 °C for both TLA3-RNAIi and actin. Product
amplification was determined to be in the linear region of
the response at 35 cycles. The PCR products were resolved
in an agarose gel (1%) containing GreenGlo Safe DNA Dye
(Denville Scientific Inc, Metuchen, NJ, USA). The TLA3-
RNAI transcripts expression levels were quantified relative
to those of the wild type, normalized to the expression of
actin as the reference gene (GenBank accession number:
GQ339768). Primers used in this analysis included forward:
5'-ATGGATGCTCTCTTCGTCAA-3" and reverse: 5'-AGG
CGTTTGATTCAAAATCATCC-3' for the TLA3-CpSRP43
and forward: 5'-CCATTCTTCGTTTGGACCTT-3" and
reverse: 5'"-TTCTGGGCAACGGAACCT-3' for actin.

Pigment determination and protein analysis

Leaves from wild-type and TLA3-RNAi T1 generation
plants were harvested from the middle (partially shaded) and
upper (sun-exposed) portion of each of the tobacco canopies.
Three independent measurements were conducted with leaf
disks from these leaf samples. This was repeated as a func-
tion of time during plant growth with samples from three
different plants. The Chl concentration and composition
of tobacco leaf disks was determined spectrophotometri-
cally from the absorbance of the 100% methanol extracts
(Lichtenthaler 1987).

Leaf proteins were extracted upon grinding frozen leaf
samples in phosphate-buffered saline and quantified by the
Bradford assay. SDS-PAGE (Laemmli 1970) and western
blot analyses were conducted for the quantification of the
TLA3-CpSRP43 protein level in wild type and TLA3-RNAi
transformants. Protein extracts were first resolved in pre-
cast TGX-AnyKD SDS-PAGE gels (Bio-Rad), then upon
transfer of the resolved proteins to PVDF membranes for

termilnator
3UTR | NPTII |
2x35S promoter terminator

(NPTII); tla3 forward and tla3 reverse cDNA sequences. The detailed
nucleotide descriptions are given in the Supplemental Materials
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immuno-detection. Specific polyclonal antibodies for the
TLA3-CpSRP43 analysis were raised against the tobacco
CpSRP43 oligopeptides KRGKGENVEYLVKWKDGEDN
and RTALLFVSGLGSEPCVKLLAEA (Fig. S3; Sup-
plementary Materials). Homemade Tris—glycine-buffered
gels, with the running gel solution containing 12% acryla-
mide-bisacrylamide and 2 M urea, were used to separate
denatured polypeptides with a higher resolution than com-
mercial gels. For comparison purposes, loading of samples
was done on a per Chl basis.

Native Deriphat-PAGE analysis was done with isolated
thylakoid membranes from the wild-type and TLA3-RNAi
tobacco. Thylakoids were solubilized at a Chl concentration
of 0.5 mg ml~!" with n-dodecyl-a-p-maltoside (final con-
centration 1%) by vortexing for 1 min, incubated on ice for
10 min and centrifuged at 20,000g for 10 min to remove un-
solubilized material. Thylakoid membrane proteins (22 pg
Chl per lane) were separated by gradient Deriphat-PAGE;
the running gel had an acrylamide concentration gradient
from 3.5 to 10.5% (w/v) (29:1 acrylamide-bisacrylamide)
containing 12 mM Tris—HCI pH 8.5, 48 mM glycine, and a
glycerol gradient from 15 to 25% (w/v). The stacking gel had
3.5% (w/v) acrylamide, 12 mM Tris—HCI pH 8.5, 48 mM,
glycine, and 10% (w/v) glycerol. The electrophoresis anode
buffer was 12 mM Tris—HCI, pH 8.3, 96 mM glycine. The
cathode buffer had the same components as the anode buffer
except for the addition of 0.1% (w/v) Deripat-160 (Cog-
nis). The gel was electrophoresed at 50 V constant voltage
overnight.

Chloroplast and thylakoid membrane isolation

Leaves from wild-type and TLA3-RNAi T1 generation
plants were homogenized in a glass blender in ice-cold chlo-
roplast isolation buffer containing 0.4 M sucrose, 50 mM
Tricine (pH 7.8), 10 mM NaCl, 5 mM MgCl,, 0.2% poly-
vinylpyrrolidone 40, 1% sodium ascorbate, 1 mM amino-
caproic acid, 1 mM aminobenzamidine and 100 pM phe-
nylmethylsulfonyl fluoride (PMSF). All operations were
conducted at 0 °C with pre-chilled solutions and associated
materials. The crude homogenized suspension was filtered
through four layers of cheesecloth to remove unbroken leaf
pieces and other sizable debris (leaf veins) from the cell
lysate. The latter was centrifuged at 5000g for 10 min to
pellet intact chloroplasts. This soft pellet was gently re-sus-
pended in chilled chloroplast isolation buffer. For thylakoid
membrane isolation, chloroplasts were lysed upon re-suspen-
sion in hypotonic buffer containing 50 mM Tricine (pH 7.8),
10 mM NaCl, 5 mM MgCl,, 0.2% polyvinylpyrrolidone 40,
1% sodium ascorbate, 1 mM aminocaproic acid, | mM amin-
obenzamidine and 100 pM phenylmethylsulfonyl fluoride
followed by passing the suspension through a tight-fitting
glass homogenizer. Thylakoid membranes were then pelleted
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by centrifugation at 75,000g for 45 min at 4 °C. Membranes
were re-suspended in 50 mM Tricine (pH 7.8), 10 mM NacCl,
5 mM MgCl, for spectrophotometric analyses.

Spectrophotometric and kinetic analyses

The thylakoid membrane light-minus-dark absorbance dif-
ference signal at 700 nm (P700) for PSI (Hiyama and Ke
1972) and 320 nm (Q,) for PSII (van Gorkom 1974) were
measured with a laboratory constructed sensitive absorb-
ance difference spectrophotometer (Melis and Brown 1980;
Melis 1989). For P700 quantification measurements, a P700
extinction coefficient of 64 mM~! cm™' was used (Hiyama
and Ke 1972).

The functional light-harvesting Chl antenna size of PSI
and PSII was estimated from the first-order rate constants
of P700 photooxidation and Q, photo-reduction, measured
upon weak green actinic illumination of isolated thylakoid
membranes (Melis 1989, 1990). For the functional PSII Chl
antenna size, thylakoids were suspended in the presence of
10 pM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU),
thereby blocking electron transport from Q, to Qg and the
plastoquinone pool. For the functional PSI Chl antenna size,
thylakoid membranes were suspended in the presence of
DCMU, 200 pM potassium ferricyanide, and 100 pM methyl
viologen. The presence of ferricyanide ensured oxidation
of the electron carriers between the two photosystems (e.g.
the Rieske Fe—S center, cytochrome f, and plastocyanin),
whereas methyl viologen acted as an efficient electron accep-
tor from the reducing side of PSI. Such conditions helped
to ensure a single photoconversion event in each photosys-
tem, the rate of which was directly proportional to the Chl
antenna size. This spectrophotometric kinetic method pro-
vided precise measurements of the in situ Chl antenna size
of the photosystems from different samples (Melis 1991).

Rate of photosynthesis measurements

Light-saturation curves of photosynthesis were measured by
recording the rate of oxygen evolution of leaf disks from three
young fully-expanded leaves from three different plants of
wild type and TLA3-RNAI, using a LD2/3 Electrode Cham-
ber (Hansatech Instruments, King’s Lynn, UK). The starting
actinic light intensity was 0 umol photons m~2 s~!, and then
increased stepwise to 2.25, 6.5, 17, 38, 60, 150, 175, 310, 470,
570, 800, 1250 and 1450 umol photons m~2 s~!. Measure-
ments of the rate of O, evolution/uptake at various light inten-
sities were recorded after the rate of photosynthesis reached a
steady state, i.e., after about 5—10 min for light intensities of
570 umol photons m~2 s~! and lower and 2—5 min for light-
intensities 800 umol photons m~2 s~! and higher. The method
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of asymptotic approximation was used in the estimation of the
P« for the TLA3-RNAi samples.

High-density canopy biomass accumulation
measurements

High-density canopy biomass accumulation measurements
were conducted during the 2016 and 2017 growing seasons,
as recently described (Kirst et al. 2017). Wild-type and T1
generation TLA3-RNAi N. tabacum seeds were sprinkled on
soil in seed pots in the greenhouse nursery for germination.
Individual seedlings were transferred to 4 X4 in. peat pots
(Sunshine Mix#1, Sun Gro Horticulture, McClellan Park, CA,
USA) for primary growth as individual plants. Growth in the
peat pots lasted 2-3 weeks. Following this initial growth, wild-
type and TLA3-RNAI plants were transferred into two-gallon
pots with a 9-in. diameter. These pots were placed adjacent
to and in direct contact with each other to form a tight 5 X
5 canopy configuration of either wild-type or TLA3-RNAi
plants, each canopy comprising a 1.3 m? (2025 in.?) surface
area. Growth and development of the two canopies took place
during the same period of time, in the same greenhouse, and
under identical ambient and watering conditions. This side-
by-side comparison ensured that plants of the two canopies
were exposed to identical conditions. A total of six different
pairs of wild type and TLA3-RNAi were assessed in this way.
Plants in such high-density canopies were allowed to grow
for 5-6 weeks, upon which the entire above-ground biomass
(25 wild-type and 25 TLA3-RNAI plants) was harvested. A
distinction was made between plants growing in the periphery
of the canopy (16-plants per canopy), versus those growing in
the canopy interior (9-plants per canopy). Moreover, a distinc-
tion was made between stem and leaf biomass, which were
recorded separately. Fresh weight was recorded immediately
after harvesting.

Wild-type and TLA3-RNAI leaf transmittance of solar
irradiance was measured with a LI-COR Model LI-185B
Quantum/Radiometer/Photometer apparatus equipped with a
Quantum photosynthetic active radiation (PAR) sensor.

Statistical analysis of biomass accumulation
measurements

A two-tailed paired statistical analysis was used to determine
the statistical significance of biomass changes between the
TLA3-RNAi and wild-type strains. To avoid pitfalls because
of variation in light-intensity or temperature, which would
affect biomass accumulation, this analysis was done between
individual wild-type and TLA3-RNAIi canopy pairs. The fol-
lowing formula was used to calculate the Student ¢ test value:

Y D/N

202—((2 D)Z/N)
(N=DxN

=

where D is the difference between a TLA3-RNAi and wild-
type pair and N the number of such pairs. The p value was
then calculated using the Student ¢ test.

Results
Screening of the TLA3-RNAi transformant plants

The aim of this TLA3-RNAi knockdown effort was to gen-
erate plants with a smaller than wild-type light-harvesting
antenna size. However, the efficiency of the CpSRP43 gene
downregulation of expression varied among independent
RNAI transformants. Thus, not all transformants showed
the same smaller antenna size phenotype. In response, we
generated the relatively large number of 34 independent
TLA3-RNAI transformants 27 of which were planted in soil
and allowed to grow to maturity. We carefully screened all
these transformants, initially by measuring the Chl content
and composition of the plants to obtain an estimate of the
efficiency of the TLA3-RNAI transformation. This approach
was based on earlier work, which showed a direct corre-
lation between the expression level of the TLA3-CpSRP43
gene, the Chl a/Chl b ratio, and the Chl antenna size of the
mutant strains (Kirst et al. 2012a). We selected six of the
most promising transformants (TO lines 7, 9, 12, 17, 21 and
31) to generate self-fertilized T, seeds. The T, generation
segregated into dark green and lighter green plants with
a ratio of about 1:3 (Fig. S1). This distribution suggested
that heterozygous and homozygous mutant plants have the
same lighter green phenotype. Descendants of the three most
promising T1 transformants were selected to grow to the T2
seed stage to enable testing for homozygous and heterozy-
gous plants.

Growth and pigmentation characteristics
of wild-type (WT) and the TLA3-RNAi tobacco

Coloration differences between the N. tabacum wild-type
and TLA3-RNAIi plants persisted throughout the canopy
growth and development (Fig. 2). Wild-type plants (Fig. 2a,
¢, ) had a darker-green leaf coloration, compared to that of
the TLA3-RNAI plants (Fig. 2b, d, f). In such visual com-
parison, the TLA3-RNAi canopies appeared having a higher
density foliage, a qualitative trait supported by detailed bio-
mass quantification measurements (please see below).
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Fig.2 Visual appearance of a pair of Nicotiana tabacum wild-type
and TLA3-RNAi T1 canopies photographed at different stages of
plant development and growth. Wild-type canopies (left-side panels)
and TLA3-RNAI canopies (right-side panels) were arranged in a 5 X
5 pot configuration with a 9-in. distance between individual plants.
a, b Small tobacco plants 1 week after transfer from the nursery to
the greenhouse and assembly of the 5 X 5 canopy configuration. c,
d Canopies forming at about 3 weeks after setting pots and plants in

Earlier work suggested that TLA tobacco may attain a
greater leaf thickness compared to that of the wild type
(Fig. 1, lower panel in Kirst et al. 2017). This proved to be
the case also for the TLA3-RNAI transformants. A meas-
ure of this effect was provided from the systematic com-
parison of leaf dry weight of wild type (1854 pg cm™2) ver-
sus that of the TLA3-RNAi (1992 pg cm™2). This analysis
showed a gain by about +7.4% in dry leaf weight for the
TLA3-RNAi compared to the wild type (Table 1). Protein
content levels were also positively affected in the leaves
of the TLA3-RNAI transformants. Wild-type leaves con-
tained on average 341 versus 388 pg protein cm™ meas-
ured in TLA3-RNAIi leaves. The protein measurements
showed a gain by about + 13.8% in the TLA3-RNAI trans-
formants compared to the wild type (Table 1). Chlorophyll
content and composition of the leaves in wild-type (WT)
and TLA3-RNAi leaves was measured over an extended
period of plant growth, as a function of time after planting
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the greenhouse under ambient conditions. e, f Dense canopies after
5 weeks of cultivation in the greenhouse. Leaves of the wild type
tobacco plants (a, ¢, e) had a dark green coloration, while leaves of
the TLA3-RNAI canopy had a lighter green coloration (b, d, f). The
wild-type plants also had slightly longer internode distances, as com-
pared to that of the TLA3-RNALi plants. The overall foliage amount at
harvest was greater in the TLA3-RNAIi canopy, compared to that of
the wild type

in the two-gallon 9-in. diameter pots. In all cases and plant
developmental stages examined, leaves of the wild type
contained more Chl per surface area that those of the
TLA3-RNAI (Fig. 3a). Conversely, the Chl a/Chl b ratio
of the TLA3-RNAIi leaves was consistently greater (in the
vicinity of 5:1), when compared to those of the wild type
(about 3.5:1) and independent of the time-after-planting
this was assayed (1-60 days after planting). These results
showed that the TLA phenotype of the TLA3-RNAI trans-
formants is stable and independent of the plant growth and
developmental status.

Chlorophyll content values at the time of canopy har-
vest for wild type and TLA3-RNAi are shown in Table 1.
These pertain to the samples used for the various bio-
chemical measurements conducted in this work. TLA3-
RNAI canopy leaves had a lower Chl (a and b) content,
by about —33.2%, compared to the wild type (Table 1).
Among the individual pigments, proportionally more Chl



Planta (2018) 248:139-154

Table 1 Tobacco wild-type
and TLA3-RNAI (T1) canopies

were grown in the greenhouse
side-by-side

145
Parameter measured Wild type TLA3-RNAi Difference, %
Leaf dry weight, pg cm™ 1854 +58 1992 + 67 +74
Protein content, pg cm ™2 341 +24 388 + 39 + 13.8
Chlorophyll (a and b) content, pug cm™> 382+27 255+39 —-332
Chlorophyll a content, pg cm™> 294+1.7 213+29 —-27.6
Chlorophyll b content, pg cm™> 8.7+ 0.8 43+0.55 —-50.6
Chl a/Chl b ratio, mol:mol 345+0.21 505+0.24 +464
Sunlight transmittance through expanded leaves, % of 72+ 1.1 10.7+0.9 +48.6
incident irradiance
Chl/P700 (mol:mol) 560 + 10 340 £ 17 -393
Photosystem-II functional antenna size, # of Chl molecules 215 + 5 146 + 36 -32.1
Photosystem-I functional antenna size, # of Chl molecules 195 + 10 148 +4 —-24.1

Leaf Chl content and composition (Chl o and b, total Chl, Chl per cm? leaf area, Chl a/Chl b ratio) were
measured at the time of harvest. Pigments were extracted from leaf segments in methanol. + Standard devi-
ation of the mean from six separate sets of wild-type and TLA3-RNAI leaves. Photosystem Chl antenna
size measurements were conducted, as previously described (Melis and Thielen 1980; Thielen and van
Gorkom 1981; Melis 1989; Kirst et al. 2017)
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Fig.3 Chlorophyll content and composition of wild-type (WT)
and TLA3-RNAi leaves measured over an extended period of plant
growth. Values shown are the average of 6-9 measurements of sam-
ples taken from the upper and mid canopies of individual plants. a
Chlorophyll content per cm?’ leaf surface area of the TLA3-RNAi
leaves was consistently lower than that of the wild type throughout
the plant development and growth period examined. b Chlorophyll
a to Chl b ratios of theTLA3-RNAI leaves was about 5:1, i.e., con-
sistently greater to that of the wild type (3.5:1) throughout the plant
development and growth period examined

b was lost (— 50.6%) than Chl a (—27.6%) from the TLA3-
RNAI leaves, when compared to the wild type (Table 1).
Such uneven changes in Chl a and Chl b content resulted
in a shift of the Chl a/Chl b ratio from an average value
of 3.45:1 in the wild type to 5.05:1 in the TLA3-RNAi
leaves. This change in the Chl a/Chl b ratio suggested the
occurrence of a truncated light-harvesting antenna in the
photosystems of the TLA3-RNAIi transformants, a hypoth-
esis that was investigated in detail (see below).

The different Chl content and composition of wild-type
(WT) and TLA3-RNAI leaves impacted sunlight transmit-
tance through the leaves. A measure of this was given by
the transmittance of sunlight through fully expanded wild-
type (7.2% transmittance of sunlight) versus TLA3-RNAi
leaves (10.7% transmittance of sunlight) (Table 1), consist-
ent with the result of recent similar measurements (Kirst
et al. 2017).

Downregulation of TLA3-CpSRP43 gene expression
by RNAi

To investigate whether the RNAIi transformation impacted
the expression level of the TLA3-CpSRP43 gene, we
employed QRT-PCR (“Materials and methods”) to meas-
ure TLA3-CpSRP43 transcript levels in the wild type
and two independent TLA3-RNAIi transformant lines
(Fig. 4). The highly sensitive QRT-PCR method was
chosen because the level of TLA3-CpSRP43 gene tran-
scripts is low under normal growth conditions, and we
anticipated this to be even lower in the transformants. In
such QRT-PCR analyses, the actin gene transcripts were
chosen to serve as the control. Results in Fig. 4 showed a
lower TLA3-CpSRP43 transcript abundance, down to 45
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Fig.4 QRT-PCR analysis of the wild type and two TLA3-RNA:I lines
probing for the abundance of the mRNA transcripts. a Amplifica-
tion of the TLA3-CpSRP43 transcripts showing products of 717 bp.
Normalized to the wild type (100%), the TLA3i-1 line showed the
presence of 45 + 10% CpSRP43 transcripts, whereas the TLA3i-2
line had 51 + 19% transcript abundance. b Amplification of the actin
gene (GenBank accession number GQ339768) showing equivalent
abundance of 257 bp actin transcripts in wild type and TLA3i-1 and
TLA3i-2 transformants under these conditions

+ 10% in the TLA3i-1 sample and down to 51 + 19% in
the TLA3i-2 sample of the RNAi transformants compared
to that of the wild type. It is concluded that the RNAi
construct of Fig. 1 brought about a stable downregulation
in the level of the TLA3-CpSRP43 transcripts abundance.

Functional light-harvesting Chl antenna size
of the photosystems

As hypothesized above, a higher Chl a/Chl b ratio in the
TLA3-RNAi transformants compared to the wild type
suggested a Chl-deficiency and a smaller, or truncated,
light-harvesting antenna of the photosystems in these
transformants. The Chl-deficiency issue was quantified by
measuring the ratio of total Chl to P700 (PSI) content in
isolated chloroplasts. This ratio measurements showed the
presence of 560 Chl molecules per P700 in the wild type
and 340 Chl per P700 in the TLA3-RNA|, translating into
a —39.3% loss of Chl from the electron-transport chain of
the photosynthetic apparatus in the transformants (Table 1).

The functional light-harvesting Chl antenna size of PSI
and PSII was measured from the kinetics of P700 photooxi-
dation and Q, photoreduction, respectively, of isolated thy-
lakoid membranes from the two samples. Methods for this
precise in situ determination have been established in the
literature (Melis and Thielen 1980; Thielen and van Gorkom
1981; Melis 1989, 1990; Kirst et al. 2017). In the wild type,
the average number of the functional PSII Chl antenna
size was 215 Chl (a and b) molecules. This was lowered
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to about 146 Chl (a and b) molecules in the TLA3-RNAIi
transformants, a loss of about —32.1% of the PSII antenna
(Table 1). Similarly, the average number of the functional
PSI Chl antenna size was 195 Chl (a and b) molecules.
This was lowered to about 148 Chl (a and b) molecules in
the TLA3-RNAI transformants, a loss of about —24.1% of
the PSI antenna (Table 1). The results clearly showed the
inhibitory effect of the TLA3-RNAI transformation and N.
tabacum CpSRP43 downregulation on the assembly of the
peripheral antenna of the photosystems, a result consistent
with the CpSRP43 gene knockout measurements conducted
earlier with the green microalga Chlamydomonas reinhardtii
(Kirst et al. 2012b).

Protein analysis

SDS-PAGE analysis of the leaf constituent proteins was
conducted. Wild-type and two independent TLA3-RNAi
transformant lines were probed. Loaded on a per Chl basis
(2 pg per lane), the SDS-PAGE Coomassie stain showed
lower levels of the light-harvesting apoproteins in the TLA3-
RNAI transformants than in the wild type (Fig. 5, upper
panel marked with arrow). At the same time, there was
more Rubisco in the TLA3-RNAI transformant than in the
wild type (Fig. 5, upper panel marked with asterisk). Both
of these changes are a consequence of the smaller, or trun-
cated, Chl antenna size of the photosystems, so that equal
Chl loading results in more Rubisco and less light-harvesting
apoprotein in the TLA3-RNAi compared to the wild type.

Western blot analysis of SDS-PAGE-resolved proteins
from the wild type and TLA3-RNAIi transformants was
conducted with specific polyclonal antibodies against the
CpSRP43 protein of tobacco (Fig. S3). The results showed
a specific cross-reaction of the polyclonal antibodies with
the CpSRP43 protein migrating to about 28 kD in these
extracts (Fig. 5, lower panel). The amount of the CpSRP43
protein present was somewhat variable in the TLA3-RNAi
transformants examined, but always at a level substantially
lower than that of the wild type. In the western blot results
of Fig. 5 (lower panel), line TLA3-RNAi-1 showed the pres-
ence of very low amounts (about 2%) of CpSRP43 present,
whereas line TLA3-RNAi-2 had only about 15% of the
CpSRP43 protein present, compared to the wild type. Such
variations in the efficiency of the RNAI effect are common
in the literature, regardless of the species or gene down-reg-
ulated. Line TLA3-RNAi-1 was most promising among the
transformants down-regulating expression of the CpSRP43
protein. Therefore, it was selected for the more detailed
analyses conducted below.
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CpSRP43— *

Fig.5 Upper part SDS-PAGE and Coomassie stain of total leaf
protein extracts from Nicotiana tabacum wild type (WT) and two
TLA3-RNAi T1 lines (TLA3i). Lanes were loaded with 2 pg Chl for
the protein analysis. On a Chl basis, the TLA3-RNAi samples con-
tained more RBCL, the large subunit of RubisCO migrating to about
55 kD (marked by red asterisk, *), than the wild type. However, the
TLA3-RNAi sample contained lower levels of light-harvesting pro-
teins, migrating in the 25 kD region, reflecting lower apoprotein
abundance for the major light-harvesting complex than the wild type
(marked by red arrow, —). (The low resolution of the protein bands
is due to the presence of excess chlorogenic acid, contained within
the tobacco leaves and extracts, which interferes with the SDS-PAGE
process.) Lower part western blot analysis of total chloroplast protein
extracts from N. tabacum wild-type (WT) and TLA3-RNAI leaves.
Protein extracts were resolved by SDS-PAGE, transferred onto poly-
vinylidene difluoride (PVDF) membranes, and probed with specific
polyclonal antibodies raised against the TLA3/CpSRP43 protein
(please see Supplementary Materials). Note the substantially lower
levels of the TLA3/CpSRP43 protein in the TLA3-RNAi samples
relative to wild type

Light-harvesting apoprotein analysis in wild type
and TLA3-RNAi mutants

Isolated thylakoid membranes from wild-type and two dif-
ferent TLA3-RNAI lines were subjected to SDS-PAGE and
Coomassie stain analysis (Fig. 6). The results showed that,
when loaded on an equal Chl basis, the TLA3-RNAi samples
contained more PSII-core CP47 and CP43 apoprotein, but
less light-harvesting (LHCII) apoproteins compared with
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Fig.6 Denaturing SDS-PAGE and Coomassie stain of proteins from
resolved thylakoid membranes isolated from the wild-type and two
different TLA3-RNAI tobacco strains. Lanes were loaded with 4 pg
Chl. Quantitative differences between wild type and transformants are
seen in the amounts of PSI (PsaA/B), CP47/CP43 and LHCII. Rela-
tive to the wild type (100%), densitometric scan analysis showed the
presence of ~124% PsaA/B, 108% ATP-synthase, 142% CP47/CP43,
and 66% of LHCII proteins

the wild type. These results are consistent with the spectro-
photometric and kinetic analysis of antenna size for the two
photosystems and show, with a different approach, the TLA
properties that were conferred to tobacco upon downregula-
tion in the expression of the CpSRP43 gene.

An independent assessment of the light-harvesting
antenna configuration of wild type and TLA3-TNAi was
afforded by green and native blue Deriphat-PAGE analysis
with isolated thylakoid membranes from the wild type and
TLA3-RNAI tobacco (Fig. 7). The green gel analysis (Fig. 7,
left panel) clearly showed a single PSI holocomplex band,
comprising the full antenna size of PSI in the wild type,
whereas two different TLA3-RNAI lines showed the pres-
ence of both the PSI holocomplex and a substantial amount
of PSI-core, apparently lacking the corresponding LHCI.
In addition, the TLA3-RNAI lines possessed more PSII-
core complexes than the wild type, whereas the wild type
possessed more LHCII-trimer complexes. A densitometric
quantification of these differences is given in the legend in
Fig. 7. The corresponding native Coomassie blue Deriphat-
PAGE analysis (Fig. 7, right panel) reinforced the break-
down and analysis results shown for the green native gel.

These results are in agreement with the denaturing SDS-
PAGE analysis of Fig. 6, and also in agreement with the
spectrophotometric and kinetic analysis of antenna size for
the two photosystems (Table 1). They further support the
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Fig.7 Analysis of thylakoid membrane protein complexes in the
wild-type and TLA3-RNAi mutants by Deriphat-PAGE. Left panel
green native gel showing the distribution of pigments among the vari-
ous photosystems and light-harvesting complexes. Quantitative differ-
ences between wild type and TLA3-RNAI transformants were seen in
the pigment distribution among the PSI, PSII and LHC complexes.
Relative to the wild type (100%), densitometric scan analysis of the
TLA3-RNAI transformants showed the presence of ~115%, PSI (PSI-
holocomplex and PSI-core),~200%, PSII-core, ~48% LHCII-trimers,
and~ 157% LHC-monomer complexes. Right panel the same native
Deriphat-PAGE gel stained with Coomassie brilliant blue for the vis-
ualization of all constituent protein complexes. Loading of the gels:
22 pg Chl per lane

notion of a greater PSII/PSI photosystem ratio in the TLA3-
RNAI transformants, compared to that in the wild type, a
feature that is commonly encountered in Chl-deficient
mutants (Melis 1991).

Light-saturation curves of photosynthesis

To investigate the effect of the TLA3-RNAi transformation
on the functional properties of the photosynthetic appa-
ratus in vivo, photosynthesis light-saturation curves were
measured for wild-type and transformant leaves. On a per
leaf surface area basis (Fig. 8a), the dark respiration rate of
wild type and TLA3-RNAi tobacco was about —9 and —7
umol O, m~2 leaf area s, respectively, whereas the light-
saturated P, rate was about +44 and +47 pmol O, m™>
leaf area s~! for wild-type and the TLA3-RNAI transfor-
mants, respectively. Regardless of the P, rate attained, the
photosynthesis half-saturation intensity was about 350 pmol
photons m~2 s~! for the wild type and 450 pmol photons

2 57! for the TLA3-RNAI transformants. This difference
suggested that photosystems in the TLA3-RNAi tobacco
transformants possess only about 70% of the light-harvesting
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Fig.8 Light-saturation curves of photosynthesis in Nicotiana taba-
cum wild-type (WT, dark green circles) and TLA3-RNAi leaves
(light green squares) at ambient CO, concentration (400 pmol mol™").
The half-saturation intensity for the rate of photosynthesis in the wild
type was estimated to be 350 + 5 pmol photons m~2 s~!, whereas for
the TLA3-RNAi mutant was 450 + 20 pmol photons m_2 s~!. a Rates
of photosynthesis were measured on a per leaf surface area basis.
b Rates of photosynthesis were measured on a per leaf Chl content
basis

antenna (Chl and Car) compared to that of the wild type.
This is consistent with the spectrophotometric and kinetic
measurements of the Chl light-harvesting antenna size of the
photosystems (Table 1).

A different view of the same type of measurement is
offered in the results of Fig. 8b, where photosynthetic activ-
ity of the wild type and the TLA3-RNAIi tobacco transfor-
mant is plotted on a per leaf Chl basis. In this case, the
light-saturated P,,,, rate was about 4105 and + 170 pmol
0, mmol~! Chl s™! for the wild type and TLA3-RNAi trans-
formant, respectively. These P, ,, numbers suggest a sub-
stantial increase in the photosynthetic productivity of Chl
under light-saturated conditions for the TLA3-RNAI tobacco
transformant relative to that of the wild type and played a
role at explaining the different biomass productivities among
the two different tobacco strains.

Biomass accumulation by individual
spatially-separated plants

Wild-type and homozygous T2-generation TLA3-RNAi
plants were grown separately and apart from each other in
the greenhouse, with a minimum 1 m distance between indi-
vidual plants to avoid canopy overlap and shading. Plants
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were harvested for biomass accumulation measurements at
the same time. In such isolated individual cultivations, the
TLA-RNAI plants accumulated slightly less (~90%) total
biomass than the wild type. The slightly lower biomass of
the TLA3-RNAI plants could be attributed to the metabolic
burden of the kanamycin-resistant cassette, which is consti-
tutively expressed in the transformants and to the resultant
minor negative fitness effect this protein may have had on
the transformants. The ~ 10% difference in biomass accu-
mulation was consistent. However, it was not statistically
significant as evidenced from the Student ¢ test, having a p
value of 0.11 (a value of p < 0.05 is considered significant).

Biomass accumulation under high canopy
and foliage density conditions

Six different 5 x 5 wild-type and TLA3-RNAI tobacco
canopy pairs were examined at different times during the
growing season, comparing growth and biomass accumula-
tion of the plants in the greenhouse under canopy density
conditions. Pairs of wild-type and TLA3-RNAi tobacco
canopies (e.g. Fig. 2) were harvested at the same time. The
weight of the leaf and stem biomass of the plants was meas-
ured separately. Because only the interior nine plants of each
canopy were shaded by other plants from all sides, while the
periphery 16 plants would have at least one unshaded side,
we made a distinction between the interior and periphery
canopies. In agronomic configurations covering a large sur-
face area, the interior plants would comprise the majority of
the grove and thus the performance of these plants was of
particular import in this study.

A pictorial presentation of the percent difference (A, %) in
total, leaf, and stem biomass accumulation between TLA3-
RNAI and the wild type is shown in Figs. 9 and 10

Interior plants of the TLA3-RNAi canopy relative to
interior plants of the wild-type canopy showed a + 8.2%
increase in total biomass (Fig. 9a). This improvement came
about as a result of a + 12.2% gain in leaf biomass and a
+ 2.7% in stem biomass. Overall, the canopy interior of the
TLA3-RNAI transformants showed a + 10% greater leaf/
stem ratio, compared to that of the wild type.

Periphery plants of the TLA3-RNAIi canopy relative to
periphery plants of the wild-type canopy showed a minor
change of about + 1.3% in total biomass (Fig. 9b). However,
this came about as a result of + 6.2% gain in leaf biomass
and a loss of —6.2% in stem biomass. In consequence, the
periphery of the TLA3-RNAIi canopy showed a + 14.5%
greater leaf/stem ratio compared to that of the wild type.

The total (stem and leaves) average biomass per plant was
greater in the TLA3-RNAIi (525 g per plant) than wild-type
canopies (507 g per plant), a +3.5% gain (Fig. 10). However,
this small gain in the total biomass was not evenly reflected
among the leaf and stem biomass. Leaf weight increased

[ a

—_
N
L

[ canopy
Interior

plants

® O

O NN~ O

—_

b

[ canopy
periphery
plants

Change relative to the wild type, %
S

Total Leaf  Stem
Bms Bms Bms

Leaf/
Stem

Fig.9 Distribution of gains and losses between the interior and
periphery plants in the 5 X 5 tobacco canopies. a TLA3-RNAi plants
in the interior of the 5 X 5 canopy accumulated + 8.2% more total
biomass than the corresponding wild type. They differentially accu-
mulated + 12.2% more leaf biomass and +2.7% more stem biomass.
TLA3-RNAi plants in the interior of the 5 X 5 canopy showed a
+10% greater leaf/stem ratio than the corresponding wild type. Bms,
biomass fresh weight. b TLA3-RNAi plants in the periphery of the
5 %X 5 canopy accumulated +1.3% more total biomass than the cor-
responding wild type. However, this was the result of +6.2% more
leaf biomass and —6% less stem biomass differential accumulation.
These periphery TLA3-RNAIi plants showed a +14.5% greater leaf/
stem ratio than the corresponding wild type

from 294 g plant™' in the wild type to 318 g plant™' in
the TLA3-RNAI, a +8.0% gain. Conversely, stem weight
decreased from 213 g plant™! in the wild type to 207 g
plant™! in the TLA3-RNAI, translating into a —2.8% loss. As
aresult of these dissimilar changes, the leaf-to-stem biomass
ratio increased from the 1.37:1 in the wild type to 1.54:1 in
the TLA3-RNAI transformants, a + 12.7% increase (Fig. 10).
These results point to important plant morphology changes
emanating from the TLA-property conferred by the TLA3-
RNAi downregulation.

Statistical significance of the total, leaf, and stem
biomass accumulation

There was qualitative consistency in the patterns described
in the results of Figs. 9 and 10 among the six pairs of wild-
type and TLA3-RNAIi canopy cultivations. However, there
were quantitative variations among the six different canopy
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Fig. 10 Harvested biomass difference between the TLA3-RNAi and
wild-type tobacco canopies. Values shown are the average from six
different pairs of wild-type and TLA3-RNAi canopies grown in the
greenhouse (e.g. Fig. 2). TLA3-RNAi canopies produced about 3.5%
more total biomass than the wild type. However, this gain was solely
attributed to a gain in leaf weight, which exceeded that of the wild
type by about 8.1%. TLA3-RNAI canopies produced —3.2% less stem
weight than the wild type. TLA3-RNAi canopies showed a +12.2%
greater leaf-to-stem ratio compared to that of the wild-type canopies.
Bms, biomass fresh weight

pairs, as the absolute value of the biomass harvested from
each pair differed depending on the time of the year, when
the cultivation took place, and the prevailing sunlight condi-
tions, which is variable in the San Francisco Bay Area due
to the summer fog. Table 2 shows a detailed canopy-by-
canopy analysis of the differences in biomass yield from

high-density cultivations of wild type and TLA3-RNAi
plants. Stem and leaf biomass were also reported in this can-
opy-by-canopy analysis. Values shown are the % difference
between the TLA3-RNAI and the corresponding wild-type
canopies. Table 2 also shows the p value that was calculated
using a Student ¢ test based on all six canopy pairs. Statisti-
cally significant A values are in bold font. These include
whole canopy leaf biomass, peripheral leaf biomass, inte-
rior total, and interior leaf biomass. These parameters were
significantly greater in the TLA3-RNAi, when compared
to those of the corresponding wild-type canopies (Table 2).

Discussion

The TLA concept has been applied, assessed, and discussed
rather extensively in microalgae (Nakajima and Ueda 1997,
2000; Melis et al. 1999; Polle et al. 2000, 2003; Nakajima
et al. 2001; Mussgnug et al. 2005, 2007; Tetali et al. 2007,
Bonente et al. 2011; Kirst et al. 2012a, b; Cazzaniga et al.
2014; Shin et al. 2016; Jeong et al. 2017, 2018) and cyano-
bacteria (Nakajima and Ueda 1997, 1999; Nakajima and
Itayama 2003; Page et al. 2012; Liberton et al. 2013; Lea-
Smith et al. 2014; Kirst et al. 2014). The consensus evidence
from these measurements is improvement in high-density
mass culture productivity at high irradiances, attributed to
greater penetration of incident sunlight and more uniform
distribution of irradiance in the TLA cultures compared

Table 2 Tobacco wild-type and TLA3-RNAi (T1) biomass yield from high-density cultivations

Parameter Canopy #1A, Canopy #2A, Canopy #3A, Canopy #4A, Canopy #5A, % Canopy #6A,  Average A, % p value

measured % % % % %

Interior total 8.7 7.2 5.1 1.4 16.7 10.3 +82 + 51 0012
biomass

Interior leaf 10.3 10.1 7.0 5.5 253 15.2 +12.2 + 7.2 0.011
biomass

Interior stem 6.8 3.9 2.7 -3.6 39 2.4 +2.7+35 0.142
biomass

Peripheral total 7.9 -29 -33 8.6 -1.0 -1.3 +1.3+£54 0.581
biomass

Peripheral leaf 11.3 -0.2 -13 13.2 6.1 8.0 +6.2 + 59 0.047
biomass

Peripheral 33 - 6.5 -6.2 2.7 - 125 - 16.9 —-6.0+8.1 0.126
stem biomass

Whole canopy 8.1 0.2 -0.7 6.1 4.6 24 +3.5+3.5 0.065
total biomass

Whole canopy 11.0 2.9 1.2 10.5 12.0 10.2 +8.1+ 4.7 0.009
leaf biomass

Whole canopy 4.5 -32 -33 0.4 -17.0 - 10.7 —-32+53 0.234

stem biomass

Plants were grown in two-gallon pots with the stem-to-stem distance of the plants positioned at 9 in. apart in a 5 X 5 pot configuration. Stem and
leaf biomass were measured separately. Values reported are the % difference between the TLA3-RNAi and the corresponding wild-type cano-
pies. + Standard deviation of the mean from six separate sets of wild-type and TLA3-RNAI canopies. Statistically significant A values are bold

font
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Table 3 Summary of TLA associated genes in green microalgae and cyanobacteria

Strain (Chlamydomonas rein- Genotype Antenna size, Chl Productivity in mass  References
hardtii) (a+Db) culture (rel. units)
Wild type Normal 430-460 Onefold Polle et al. (2000, 2003)
tlal TLAI-MOV34/MPN gene 300 1.5-fold Polle et al. (2003), Mitra
downregulation etal. (2012)

tla2 TLA2-ACpFTSY deletion 220 N/A Kirst et al. (2012a)
tla3 TLA3-ACpSRP43 deletion 145 N/A Kirst et al. (2012b)
tla4 TLA4-ACpSRP54 deletion 145 1.6-fold Jeong et al. (2017)
Lhc-deficient ALhc N/A 1.8-fold Mussgnug et al. (2007)
LDT knockout ACpLtd 150* 1.2-fold Jeong et al. (2018)
Minimal Core Chl antenna 130 N/A Glick and Melis (1988)
Strain (Synechocystis PPC 6803) Genotype Antenna size, phycobi-  Productivity in mass  References

lins and chlorophyll culture (rel. units)
Wild type Normal 850 Onefold Glazer and Melis (1987)
Phycocyanin deficient Acpc 520 1.6-fold Kirst et al. (2014)
Minimal Core Chl antenna 130 N/A Glick and Melis (1988)

Known genes and mutations that confer a TLA genotype and the effect of the TLA phenotype on the biomass productivity of the cultures are

shown

“Denotes a specific adverse effect on the assembly of the Chl antenna size of PSI only

to their wild-type counterparts. Genes that confer a TLA
property in microalgae and cyanobacteria have been identi-
fied and discussed in the literature (Table 3; Kirst and Melis
2014; Kirst et al. 2017). However, a systematic application
of any of these genes to attain a TLA-property in crop plants
has not been successfully attempted. This work showed that
downregulation of the TLA3-CpSRP43 gene expression in
N. tabacum confers the TLA-property to plants and enhances
biomass productivity under ambient sunlight in high canopy
densities.

A number of crop plants have been identified in the lit-
erature as “Chl-deficient” and henceforth shown to pos-
sess the TLA-property, including barley (Ghirardi et al.
1986), soybean (Ghiradi and Melis 1988), maize (Greene
et al. 1988), sugar beet (Abadia et al. 1985), and tobacco
(Thielen and van Gorkom 1981; Kirst et al. 2017). In most
of these cases, however, the mutated gene that conferred the
TLA property is not yet known. Moreover, until recently,
the efficacy of these TLA crop plants for greater photosyn-
thetic productivity under dense cultivation conditions has
not been properly assessed. A recent publication from this
lab (Kirst et al. 2017) compared the performance of the N.
tabacum, cv John William’s Broadleaf wild type and its Chl-
deficient Su/su mutant (Homann and Schmid 1967; Okabe
et al. 1977; Thielen and van Gorkom 1981) under condi-
tions of high-density canopy cultivation. The work showed
a + 25% greater total biomass accumulation for the TLA
tobacco canopies over that measured with their wild-type
counterparts, grown under the same ambient conditions. It
was suggested that decreasing the light-harvesting antenna

size of the photosystems in tobacco, a vascular plant, as the
case was for green microalgae and cyanobacteria, helped to
increase the photosynthetic productivity and plant canopy
biomass accumulation under high-density cultivation con-
ditions (Kirst et al. 2017). However, the gene deletion that
resulted in the Okabe et al. (1977) Su/su phenotype has not
been identified (but see Fitzmaurice et al. 1999; Hansson
et al. 1999 for the role of the tobacco 42 kD Mg-chelatase
subunit in Chl-deficiency), making it difficult to potentially
apply the Okabe et al. (1977) Su/su property to other crop
plants.

The present work applied RNAi-downregulation of the
TLA3-CpSRP43 gene in tobacco, testing for the first time the
rational application of molecular genetics in the generation
of a TLA-crop plant. The results confirmed the hypothesis
that the CpSRP43 gene is a suitable target for the attainment
of TLA crops in which the canopy biomass accumulation
under high-density cultivation conditions exceeded that of
the corresponding wild type. It should be noted that the ben-
efit of the TLA phenotype was manifested only under high-
density canopy conditions. When grown individually and
apart from each other, the TLA plants accumulated slightly
less biomass then the wild type. The latter was attributed to
the metabolic burden of the kanamycin-resistant cassette,
which is constitutively expressed in the transformants, and
which may comprise metabolic burden affecting fitness.

The work adds to our body of knowledge by showing that
an overall greater total biomass accumulation in TLA vs
wild-type tobacco canopies is not evenly reflected in the leaf
and stem biomass of the plants. The TLA property caused
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a substantial increase in the leaf biomass and had a smaller
or negative effect on the stem biomass of the plants. It was
qualitatively noted earlier (Kirst et al. 2017) that wild-type
plants in such canopies tended to have longer internodes
compared to TLA plants under similar canopy density con-
ditions. The detailed leaf-to-stem biomass ratios reported
in this work helped to substantiate the earlier findings. We
hypothesize that enhanced leaf-to-stem biomass ratios in
the TLA3-RNAI transformants are an effect of the higher
transmittance of sunlight through the TLA3-RNAi canopy
leaves, negatively impacting the stem elongation process in
the latter. This feature is of interest as it promises to find
application and benefit efforts whereby the leaf but not the
stem biomass is used for the generation of product, e.g.
applications of synthetic biology leading to accumulation
of pharmaceuticals, flavors, fragrances, and potentially other
useful products. Conversely, a greater leaf-to-stem ratio in
TLA compared to wild-type agricultural crop plants may
translate into greater seed biomass generated by the former,
thereby benefiting world agriculture and enhancing the
yield of food generation. Improvements in leaf and over-
all biomass accumulation reported in this work were likely
mitigated by the presence of the transforming vector and the
associated antibiotic-resistant cassette in the TLA3-RNAi
transformants, which likely exerted a metabolic burden on
the cells.

The model plant N. tabacum (tobacco) was used in this
demonstration. However, the TLA concept could be applied
to other crop plants, promising to increase yields, while
minimizing the space needed for cultivation. Higher density
planting of grapevine, soybean or corn, among other crops,
offers additional advantages, as these would achieve canopy
closure more quickly, thus causing substantial shading of
weed seedlings in the lower canopy (Kirst et al. 2017). In
addition, a high-density canopy can significantly minimize
losses of soil moisture (Kirst et al. 2017). These advantages
can be realized upon the development of grapevine, soy-
bean, corn, among other crop plants, with a truncated light-
harvesting Chl antenna size.
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