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Abstract Chlorophyll biosynthesis is catalyzed by two
multi subunit enzymes; a light-dependent and a light-inde-
pendent protochlorophyllide oxidoreductase. The light-
independent enzyme consists of three subunits (ChlL, ChIN
and ChIB) in photosynthetic bacteria and plastids in which
the chlB gene encodes the major subunit that catalyzes the
reduction of protochlorophyllide to chlorophyllide. We
report here stable integration of the ch/B gene from Pinus
thunbergii into the chloroplast genome of tobacco. Using
helium-driven biolistic gun, transplastomic clones were
developed in vitro. The stable integration and homoplasmy
for transgenes was confirmed by using PCR and Southern
blotting techniques. Nodal cuttings of the homoplasmic
transgenic and untransformed wild type shoots were cultured
on MS medium in the dark. As expected, shoots developed
from the cuttings of the wild type plants in the dark showed
etiolated growth with no roots whereas shoots from the
cuttings of the transgenic plants developed early and more
roots. Upon shifting from dark to light in growth room,
leaves of the transgenic shoots showed early development of
chlorophyll pigments compared to the wild type shoots.
Further, photosynthetically indistinguishable transgenic
shoots also showed significant difference in root develop-
ment from untransformed wild type shoots when cuttings
were grown in the light. Therefore, it may be concluded that
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the chiB gene is involved, directly or indirectly, in the root
development of tobacco. Further, the gene promotes early
development of chlorophyll pigments, upon illumination
from dark, in addition to its role in the light-independent
chlorophyll formation when expressed together with sub-
units L&N in other organisms.
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Introduction

Photosynthesis is the strategic process in which harvesting
and transduction of light energy is carried out by the chlo-
rophyll. Chlorophyll biosynthesis is catalyzed by two multi
subunit enzymes; a light dependent protochlorophyllide
oxidoreductase, LPOR and a light-independent protochlo-
rophyllide oxidoreductase (dark-operative DPOR). During
chlorophyll biosynthesis, protochlorophyllide (PChlide) is
reduced to chlorophyllide (Chlide), which is then immedi-
ately converted into chlorophyll a. Manipulation of this
important compound will therefore have major impact on the
capability of plants to carry out photosynthesis [1].

During evolution two genetically and biochemically dif-
ferent strategies of PChlide reduction have been developed
[2]. At first PChlide is reduced by nuclear-encoded, plastid-
localized oxidoreductase, which requires NADPH and light
for its activity. However, in many phototrophic organisms
there is another way for chlorophyll synthesis in which
PChlide is reduced by a plastid-encoded enzyme complex,
independent of light. These two systems can co-exist and
play their roles in different ontogenetic stages of plant and in
dependence on environmental factors [3]. Genetic and
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sequence analysis have indicated that DPOR consist of three
subunits (ChlL, ChIN and ChIB) in photosynthetic bacteria
and plastids [4]. All organisms containing this pathway for
PChlide reduction are capable of chlorophyll formation in
the dark. The chlB is one of three chloroplast genes shown so
far to be required for light-independent chlorophyll synthe-
sis. The chlB is present in the chloroplast genome of the
gymnosperms, algae and photosynthetic bacteria [5].
Whereas this gene is absent in chloroplast genomes of
tobacco and rice, consistent with the lack of light-indepen-
dent chlorophyll synthesis in these plants.

The chlB encodes subunit B of light independent pro-
tochlorophyllide reductase that catalyzes reduction of
PChlide to Chlide in chlorophyll biosynthesis. The com-
plete nucleotide sequence of Pinus thunbergii (Japanese
Black Pine) chloroplast genome contains, as in other
chloroplast genomes, the chlL and chIN genes in the SSC
region, creating an operon; the chlB gene is located sepa-
rately in LSC region [6]. It encodes a protein of 510 amino
acids which was immunochemically detected in membrane
fractions of cyanobacteria, showing either cytoplasmic or
thylakoid membranes as the site of light-independent
reduction of PChlide [7]. However, disruption of the chiB
from chloroplast genome, plastome of Chlamydomonas
reinhardtii resulted in the development of yellow pheno-
type of mutants in the dark which was indistinguishable
from mutants for chlIL or chIN, suggesting that chlB is
essential for the activity of DPOR in chloroplasts [8].

Genetic engineering of chloroplast genome was first
accomplished in C. reinhardtii, a unicellular green alga [9]
followed by chloroplast transformation in Nicotiana taba-
cum, a flowering plant species [10]. Since then chloroplast
transformation has been extended to a diverse group of
species due to its very attractive and potential advantages
for the gene expression in the plants [11]. These advantages
include high level transgene expression [12], absence of
gene silencing and position effect variation, the ability to
express genes polycistronically from a single promoter [13]
and gene containment in most crop plants.

Here we describe the development of stable transgenic
plants of tobacco harboring chlB, which have produced
vigorous root system, suggesting that the chlB gene is
involved, directly or indirectly, in the development of plant
roots in addition to its role in the light-independent accu-
mulation of chlorophyll.

Materials and methods
Plant material and growth conditions

Seeds of N. tabacum L. var. Petit Havana were aseptically
grown on MS medium solidified with 0.026 % phytagel
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[14] at pH 5.8 at 27 °C under 100 pmol photons m~2 s~
(16 h light, 8 h dark conditions). Fully expanded 4-6
weeks old dark green leaves were used in chloroplast
transformation experiments.

Genomic analysis of putative transplastomic clones
for site specific integration and homoplasmy

Total genomic DNA was extracted from both transformed
as well as untransformed wild type tobacco plants by using
hexadecyltrimethyl ammonim bromide (CTAB) method
with modifications [15]. The isolated DNA was then used
as template in polymerase chain reaction performed using a
Master Cycler Gradient (Eppendorf, Germany). The inte-
gration of transformed cassette was verified by PCR anal-
ysis on spectinomycin resistant and wild-type tobacco
plants by using gene specific primers to aadA (A,q: 5'-GGC
TCC GCA GTG GAT GGC GGC CTG-3'; Ay 5'-GGG
CTG ATA CTG GGC CGG CAG G-3) and flanking
sequences used for homologous recombination (S;o: 5'-
GAT ATC AAA ACC CGT CCT CAG TTC GGA TTG
C-3' and S,g: 5-GAT ATC CAC GAG TTG GAG ATA
AGC GGA-3'). The PCR program was set for 30 cycles at
95 °C for 2 min. 56 °C for 2 min. and 72 °C for 3 min.
with a step of 72 °C for 10 min. The amplified products
were separated on 0.8 % agarose gel after staining with
ethidium bromide and visualize under UV gel documen-
tation system (VilberLourMat. France).

Site-specific integration and homoplasmy was also
investigated through Southern blot analysis. In these
experiments, Apal restricted 10-15 pg genomic DNA was
separated on 1 % agarose gel at 60 voltage for 3—4 h. After
the washing of the gel with different solutions the DNA
was transferred to cellulose nitrate membrane (Schleicher
and Schuell, Bioscience Germany) using trans-blotter (Bio-
Rad, Hercules, Calif.). The flanking sequence probe
(0.81 kb) was prepared by digesting F/TA plasmid with
BamHI/Bglll, which contains the chloroplast flanking
sequences trnl and frnA. The marker gene specific probe
(522 bp) of aadA was developed by PCR amplification
from FLARE-S by using gene specific primers (Ajo/Asp).
Following hybridization of membrane with probe, the
detection was carried out using Fermentas Biotin Chro-
mogenic Detection Kit (MBI Fermentas, Italy).

Evaluation of transplastomic plants for photosynthetic
efficiency

Physiological parameters as photosynthesis rate, stomatal
conductance, transpiration rate and water use efficiency
were measured from fully expanded dark grown leaves of
both wild type as well as transplastomic plants growing in
pots using LCA-UADC portable infrared gas analyzer
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(Analytical Development Company, Hoddesdon, England).
Data was recorded between 11:30 A.M to 12:15 P.M using
following parameters: leaf surface area 6.6 cm?, ambient
CO, concentration 1050.5 ppm, temperature of the leaf
chamber varied from 35.5 to 42.2 °C, leaf chamber gas
flow rate 392.8 ml min_l, Molar flow of the air per leaf
surface (Us) 404.84 mol m~2 s_l, Ambient chamber ran-
ged from 20.5 to 23.1 m bar and photosynthetic active
radiation (PAR) (Qy.ep) at leaf surface was maximum up to
1048 pmol m—2 s~' [16].

Determination of the chlorophyll contents

In order to check the evidence that the presence of this
novel photosynthetic gene will affect the chlorophyll con-
tents, leaves from 3-weeks-old plants of chlB transgenic
and wild type tobacco plants were ground in 80 % acetone
[17] and the absorbance was determined using spectro-
photometer (JENWAY, Labo Med., Inc.) at wavelengths
663, 645 and 480 nm.

Results

Development of chloroplast transformation vector
harboring chlB gene

The tobacco chloroplast transformation vector was devel-
oped by PCR amplification of inverted repeat regions from
tobacco plastome by using primers S;9: 5'-GAT ATC AAA
ACC CGT CCT CAG TTC GGA TTG C-3' and S,o: 5'-
GAT ATC CAC GAG TTG GAG ATA AGC GGA-3' [18]
and the PCR product was cloned into TA cloning vector
(MBI Fermentas, Italy). The cloned fragment was then
restricted with EcoRV, which was engineered in both
primers. The fragment was then ligated into pBluescript 11
(MBI Fermentas, Italy) cut with Pvull restriction enzyme.
A Hincll/Smal fragment carrying MCS (i.e. Clal, Hindlll,
EcoRV, EcoRI and Pstl) was introduced into the Pvull in
tobacco flanking sequences to facilitate the cloning steps
[18]. For the screening of transformation events FLARE-S
(Fluorescent Antibiotic Resistance Enzyme, Spectinomy-
cin and Streptomycin) marker was used [19]. Chloroplast
encoded chiB was PCR amplified using gene specific
primers S4/Ss and cloned into TA cloning vector (MBI
Fermentas, Italy). A strong constitutive promoter prrn from
plastid RNA ribosomal operon was cloned upstream of the
chlB by using Nhel/Kpnl restriction sites. The resultant
clone (Fig. la) was then confirmed with a series of
restriction enzymes and cloned at PsfI site in the MCS of
tobacco chloroplast transformation vector upstream to the
marker gene. The orientation of the cassette in the final
tobacco chloroplast transformation vector was verified by a

number of enzymes as well as by Polymerase Chain
Reaction using different primer combinations.

Chloroplast transformation and development
of transgenic plants harboring the chlB gene

Chloroplast transformation was performed by using bio-
listic technology [18-20] with modifications. Green shoots
appeared within 4-6 weeks of bombardment on bleached
leaf sections on spectinomycin containing RMOP [19].
Multiplying transformed cells and the regenerating shoots
on selection medium were regularly inspected with a hand-
held long-wave UV lamp for gfp fluorescence. Transfor-
mation was confirmed by an Olympus SZX (Olympus
SZX9, Japan) stereomicroscope equipped for gfp detection
with a CCD camera system. The images produced by gfp
fluorescence were viewed on a computer screen attached to
the microscope.

Purification of antibiotic resistant transgenic clones

The initial screening is very important for eliminating the
mutants and nuclear transformation events from the trans-
plastomic plant population. Hence two approaches namely;
GFP fluorescence and PCR detection were used to screen
the transgenic plants form non-transplastomic plants. For
the screening and confirmation of the chloroplast trans-
genic plants from the spontaneous spectinomycin resistant
plants as well as escapees by using PCR method, total
genomic DNA was isolated from putative transgenic
tobacco plants and also from wild type by CTAB method
[15, 21] and used this DNA as template in the PCR reac-
tions. The presence of the selection marker gene (aadA) in
the putative transgenic tobacco plants was detected by PCR
using the primers A;o/A,y and only three representative
PCR positive clones are shown (Fig. 1b). Primer set S4/Ss
specific for chiB (Fig. 1c) and primers S;¢/S,( representing
the flanking region used for site specific integration. The
wild type tobacco plant DNA used in the experiment
served as negative control in the PCR analysis with no
amplification. Site specific chloroplast integration of the
transgenic cassette was determined by using a set of
primers of which one anneals to the native chloroplast
genome and other anneals within the transgenic cassette.
Mutants and other nuclear transformants were not expected
to produce a PCR product with these primers. The fol-
lowing pair of the primers was used A;o/S;o and S;o/Asg
[18]. The amplification of fragments of 2.4 and 4.1 kb
(Fig. 1d, e respectively) with these primers eliminated the
possibility of spontaneous mutants, escapes as well as
nuclear transformants when expression cassette integrate
into the nuclear genome due to illegitimate recombination
events from transgenic population. For the confirmation of
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Fig. 1 Confirmation of the integration of chlB transformed cassette
with marker gene into inverted repeat region of the chloroplast
genome of tobacco and also check homoplasmy level. a Physical map
of transgenic plant plastid genomes with primers positions. b PCR
amplification of marker gene (aadA) with primer sets A19/A20: lane
1 PCR —ve control, lane 2 +ve control with plasmid DNA, lane 3
untransformed tobacco plant DNA, lanes 4, 5 and 6 are transformed
tobacco plant DNA and lane 7 1-kb DNA ladder ¢ Amplification of
gene of interest (chlB) by using gene specific primers S4/S5: lane 1,

the homoplasmicity, primer set S;¢/S5 specific to flanking
region was used. All plants resulting in the amplification of
6.1 kb along with the 2.2 kb fragment specific for
untransformed wild type control plant as shown in Fig. IF
confirmed the plasmy level of transgenic plants. These
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1-kb DNA ladder, lane 2 PCR —ve control, lane 3 +ve control with
plasmid DNA, lane 4 non transformed tobacco plant DNA, lanes 5, 6
and 7 are transformed tobacco plant DNA d, e and f Gels pictures
with PCR-amplified left and right border sequence fragments with
primer sets A19/S20, S19/A20 and S19/S20 respectively for the
confirmation of site specific integration and homoplasmy. Lanes 1 and
8, 1-kb DNA ladder, lane 2 PCR —ve control, lane 3 +ve control with
plasmid DNA, lane 4 wild type plant DNA, 5, 6 and 7 are transformed
plant DNA

results described the heteroplasmic nature of the trans-
plastomic clones, and hence it demands further rounds of
selection and regeneration to achieve homoplasmy.
Another strategy which was also being used for screening
of transformed plants from the untransformed ones was by
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using the visible reporter genes in addition of selection
marker genes. The basic idea was to distinguishing trans-
formed regenerants or shoots in a heterogeneous popula-
tion. Biolistic delivery of chlB transformation vector
containing FLARE-S as a selection marker [19] was carried
out. Transplastomic sectors in the chimeric tissues can be
identified visually, thus significantly reducing the time and
effort required to obtain genetically stable transplastomic
lines. The expression of gfp yielded fluorescent shoots at an
early age, making the reporter gene useful for early
detection of transformation events. Tissue sections of 0.5
by 0.5 cm size when exposed to blue or ultra violet light,
gfp was emitting bright green fluorescence (Fig. 2). The
sizes of the fluorescent sectors were different in different
leaves in heterozygous transgenic clones depending upon
the segregation of the transformed cells from wild type
non-transformed cells. Thus regeneration of transgenic

Fluorescent illumination

A) BN

Bright field illumination

(B)

©)

D)

(E)

Fig. 2 Fluorescent microscopy of plants to identify transplastomic
leaf sectors. a—d Transformed leaf sectors. e Untransformed (Wild
Type). Bars represent 20 um

plants was greatly facilitated by visual identification of the
fluorescent sectors. No toxic effect of the gfp was observed
and lack of toxicity was supported by the apparently nor-
mal phenotype of the plants. The heteroplasmic plants were
further subjected to selection and regeneration.

Plasmy level of shoots regenerated from second round
of selection and regeneration was confirmed through
Southern blotting, using selectable marker gene as well as
flanking sequences as a probe (Fig. 3a). Three independent
transgenic clones were used to extract genomic DNA.
Restriction of genomic DNA with Apal restriction enzyme
results in two fragments, one of about 5.5 kb, carrying the
marker gene (aadA) and another of ~2.5 kb having the
expression cassette. Wild type tobacco plant produced only
one fragment of ~4.2 kb (Fig. 3b). Upon hybridization
with aadA probe only the transformed plants showed band
whereas no fragment was observed in wild type tobacco
plants (Fig. 3c). These results were confirmed the suc-
cessful integration of transformed cassette into tobacco
plants. In order to evaluate the plastome integration as well
as for the assessment of homoplasmic state, another strat-
egy was opted for southern blotting. Upon achieving ho-
moplasmy, all of the chloroplast genomes were supposed to
contain the integrated transgene cassette hence is identical.
When 0.81 kb BamHI/BgIIl fragment containing chloro-
plast-flanking sequences was used as probe, the chiB
transformed plants produced ~35.5 and 2.5 kb fragments
with Apal restricted plant genomic DNA whereas
untransformed chloroplasts showed only one fragment of
~4.2 kb (Fig. 3d). Wild type band was absent in trans-
plastomic lines, indicating that regenerated plants are ho-
moplasmic for transgene integration into the genome of the
chloroplasts.

Physiological performance of engineered chlB
transgenic plants

The chiB gene is reported to play a significant role in
photosynthesis and is thought to be of pivotal importance
and involved in the formation of chlorophyll precursor i.e.
protochlorophyllide [2] thus, chlorophyll contents of chiB
transformed tobacco plants were determined. Shoots of
homoplasmic transgenic as well as of wild type plants
multiplying on MS medium were used in these experiments.
Cuttings carrying one node on each segment of same age
plants were cultured in both the light or total darkness, and
their pigment contents were analyzed by spectrophotome-
ter. Photosynthesis related parameters were investigated by
using infra-red gas analyzer (IRGA) on cuttings grown in
dark for 14 days and then illuminating for 24 h. Repre-
sentative data from three independent clones are shown in
Table 1. The data show that the chlorophyll a, chlorophyll
b and total chlorophyll contents for dark-grown transgenic
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Fig. 3 Southern-blot
hybridization analysis to
determine integration of
transformed cassette into
tobacco plants and
homoplasmy. a The 522 bp
fragment specific to selection (A)
marker gene and 0.81 kb
flanking sequence fragment that
were used as probes for
Southern-blot analysis.

b Untransformed tobacco plant

522 bp

Marker as a Probe

Apal

BamHI Bglll

0.81kb

LB RB

Flanking Sequences as a Probe

Apal
4.2kb >

DNA digested with Apal
(expected fragment size, 4.2 kb)
and chiB transformed tobacco
plant DNA also digested with
Apal (expected fragments size,
5.3 and 2.5 kb). ¢ Southern blot
results by using marker gene as
probe; WT, untransformed
tobacco plant DNA, TR1, TR2
and TR3 are transformed
tobacco plants with chlB gene
construct. d Southern blot
analysis by using flanking
sequences as probe; WT,
untransformed tobacco plant
DNA, TR1, TR2 and TR3 are
transformed tobacco plants with (C)
chlB gene construct

(B)

Apal

Marker gene as a Probe

and wild type shoots were essentially equivalent. Similarly,
non-significant difference in the chlorophylls contents of
transgenic and wild type shoots growing in the light for
15 days were observed. Nevertheless, the contents were
significantly varied under dark and light regimes for both
genotypes. Further, early pigment development, within
2-3 h illumination, in transgenic shoots was observed
compared to non-transgenic wild type shoots (Fig. 4a, b). In
Fig. 4a abaxal and 4B adaxal side of the transgenic leaf is
exposed to the camera.

Apart from chlorophyll contents, stomatal conductance,
respiration rate; net photosynthesis and water use efficiency
of both transgenic and wild type plants were measured and no
significant differences between the transgenic lines com-
pared to non-transformed wild type plants were observed.
Hence, it was concluded from the experiments that chlB
subunit promotes early chlorophyll pigment development
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rather affects total contents of chlorophyll, which requires
integration of all three genes involved in the pathway.

Phenotypic analysis of the engineered ch/B transgenic
plants

While shoots were growing on MS medium in dark etio-
lated growth of wild type shoots compared to the trans-
plastomic tobacco plants, expressing chlB gene was
observed. Further, the transgenic shoots produced early
(within 7 days; Fig. 5a) and vigorous roots (after14 days;
Fig. 5b) compared to wild type under dark. Similarly,
transgenic shoots produced early and vigorous roots com-
pared to the wild type when grown in the day length (16 h
light and 8 h dark) under controlled temperature. Data
pertaining to number of primary roots per plant under dark
as well as light, number of secondary roots per plant under
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Table 1 Photosynthetic parameters of chlB transformed and wild type tobacco plants Pn: Net photosynthesis (umol CO, m~2s™"), E: Tran-
spiration rate (mmol H,O m~2 s™!) C: Stomatal conductance (mmol H,O m~2 s™!), WUE: Water Use Efficiency (umol CO, mmol! H,0)

Plant Pn E C WUE Chla Chib Total Chl

Dark WT 1702+ 1.5 049 4+ 005™ 726+ 05N 3586 +54™ 0844+ 001™ 056 £ 001N  1.40 + 0.02™
TRI 1696 + 0.3™ 0454+ 0.04™ 801 £ 05N 3935+ 43 091 £ 001™ 059 + 001™  1.50 + 0.009
TR2 1524 + 12 0424+ 003 760+ 07 3779 £ 6.1 0.89 & 0.009™  0.56 + 0.01™  1.44 + 0.01™
TR3 1574 £ 0.6~ 045 £ 0.02™  7.05 £ 04™ 3559 £ 25 092+ 001  0.60 + 0.009N  1.51 &+ 0.02N8

Light WT 2532+ 1.93% 0.61 +035™ 10.85 + 0.73™  41.50 + 3.51™  1.18 £ 0.07™°  0.69 + 0.05™°  1.87 + 0.04™
TR1 27.13 £ 135  0.63 £ 023  11.01 £ 045" 43,06 £5.14% 124 £ 005 071 £ 0.04  1.95 + 0.08N8
TR2 2422 £234% 059 £ 021N 1078 £ 0.81NS  41.05 £3.91™ 122 +£0.02%  0.73 £ 0.06™  1.95 + 0.03NS
TR3 2691 £ 171  0.65 £ 0.40™ 1051 + 051N 41.40 £ 4.39™  1.15 £ 0.03  0.67 £ 0.06™  1.82 &+ 0.06™S

NS Non-significant

Fig. 4 Chlorophyll pigment (A) (B)

development in leaves of Transformed Wild Type Transformed Wild Type

transgenic and wild type shoots.
Both a & b are photographs of
same shoots with abaxal side
(a) and adaxal side (b) of leaves
from transgenic shoots, which
were grown in dark for 7 days
and illuminated for 24 h in the
growth room

dark as well as light, root length (cm) under dark as well as
light was recorded (Table 2). Data was recorded, after
every 7 days of cultivation of cuttings under dark and light,
taking two consecutive readings at the same time. In
Table 2 means of three observations were statistically
analyzed and significant differences were found between
chiB transgenic and wild type tobacco plants. This exper-
iment was repeated more than three times and almost
similar results were observed. Further, it was observed that
root induction in the transgenic shoots was initiated within
3—4 days of culture whereas in wild type after 5-6 days of
culture incubated under light conditions. The experiment
was repeated several times in the dark and the data (aver-
age of three readings) was recorded after 7 and 14 days
(Fig. 5c, d). Data recorded from dark- and light grown
plants have shown that the ChlB subunit, in addition to
PChlide reduction, possibly have some direct or indirect
role in root development.

Discussion

Photosynthesis, the most widespread biochemical process
on the earth, is the key process affecting crop yield and

biomass production [1]. Possible options to improve pho-

tosynthesis include; regulating stomatal conductance,
reducing respiration rate, engineering the Rubisco enzyme,
modification of C; plants into C4 and/or by increasing
photosynthetic pigment contents [12, 22]. Most of these
aspects have been well studied and attempted to engineer
but no significant achievement has been made. Among all
these, photosynthetic pigments are thought to be the pivotal
targets in so far as enhancement of photosynthetic pro-
ductivity is concerned. Chlorophyll a and b are major
contributors of light harvesting process along with carote-
noids and phycobilins. In chlorophyll biosynthetic path-
way, the reduction of PChlide to Chlide is very crucial step
and two different enzymes involved in this reduction pro-
cess are: LPOR and DPOR [2]. DPOR is encoded by three
chlorophyll genes (chlL, chIN and chiB) encoded by
chloroplast genome of gymnosperms and photosynthetic
microbes but absent in angiosperms, the salient cereals and
fruit plants. We attempted to increase chlorophyll contents
in order to boost up light harvesting ability of tobacco. One
of the genes encoding DPOR, chiB was isolated from the
plastid genome of Pinus thunbergii, a Japanese Black Pine
and then biolistically integrated into the tobacco plastome.
The stable integration of the chlB gene along with marker

@ Springer



10644

Mol Biol Rep (2012) 39:10637-10646

Fig. 5 Phenotypic analysis of
chiB transformed tobacco
plants. a—b Root development
after 7 and 14 days respectively
in complete dark conditions
followed by 24 h illumination.
c—d Root development in
normal light conditions after

15 days

Transformed

Transforme

Wild Type Transformed  Wild Type
(B) .
- >

a

L)
anh
b 8

P
Wild type

Table 2 Phenotypic performance of chiB transformed and wild type tobacco plants under complete dark as well as normal light conditions

Days Plant PRD PRL SRD SRL RLD RLL

7-days WT 0.00 % 0.00° 233 £+ 037* 0.00 % 0.00° 0.00 + 0.00° 0.00 + 0.09* 0.95 + 0.16*
TR1 3.00 + 0.30% 3.33 + 0.33% 1.00 £ 0.29° 1.66 + 0.41° 1.70 £ 0.15° 1.73 + 0.23%
TR2 3.33 + 0.50° 4.66 + 0.41°¢ 2.66 £ 0.35° 1.33 £ 0.36° 1.83 + 0.20° 1.93 £ 0.19*
TR3 2.66 + 0.35° 2.33 £ 0.30° 1.33 £ 0.41° 0.00 £ 0.13% 1.60 + 0.13% 1.90 £+ 0.11%

14-days WT 2.66 &+ 0.51° 7.33 + 0.39° 0.00 %+ 0.00° 233 + 0.34° 1.00 + 0.13° 3.30 £ 0.14%
TRI1 5.33 £ 0.39% 12.33 £ 0.61% 5.66 & 0.32 8.66 + 0.39° 3.43 + 0.26" 5.23 + 0.58¢
TR2 5.66 + 0.43° 15.00 & 0.82¢ 7.33 + 0.38% 9.33 + 0.53% 3.33 + 0.19™ 5.30 + 0.47°¢
TR3 3.66 + 0.30° 10.66 & 0.76" 433 +0.71° 8.66 & 0.74° 2.65 + 0.15° 451 +047°

Means bearing similar letters are statistically at par with each other at p < 0.05 level

PRD No. of primary roots/plant under dark, PRL No. of primary roots/plant under light, SRD No. of secondary roots/plant under dark, SRL No. of
secondary roots/plant under light, RLD root length (cm) under dark, RLL root length (cm) under light

gene/s was confirmed by Polymerase Chain Reaction and
Southern blot hybridization techniques. Though transgenic
shoots showed early pigment development upon illumina-
tion from dark but their photosynthetic performance was
not significantly better from wild type plants, suggesting
that the gene alone does not influence the photosynthetic
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response of the plants but requires integration of other
relevant genes leading to the completion of dark chloro-
phyll biosynthetic pathway.

RNA-editing efficiency of ch/B gene is developmentally
regulated and differs from species to species in larch
cotyledons [23], suggesting that the gene may have more
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Transformed

Wild Type

Fig. 6 Acclimatization of plants; transgenic and wild type. Four
weeks old plants were shifted to pots containing sterilized peat moss
for acclimatization. Plants were initially covered with polythene for
7 days and then were slowly exposed in vivo

secretes in addition to be an essential part of DPOR. It has
also been reported that photoautotrophically grown cells of
Chlorella protothecoides accumulate less chlB in compar-
ison with heterotrophically and mixotrophically grown
cells [24]. In addition, ch/B gene participates in the syn-
thesis of molybdopterins (a class of cofactors found in most
molybdenum and all tungsten enzymes) and molybdopterin
guanine dinucleotide (MGD) in Escherichia coli. The
biochemical analysis of the ch/B mutants had shown that its
product is essential for the addition of the GMP moiety to
form MGD, a step which occurs late in the cofactor bio-
synthetic pathway in E. coli. Wild type cells contained both
molybdopterin and MGD, while cells of ch/B mutants
contained only high levels of molybdopterin but no MGD
[25]. These research findings have shown that chiB gene; in
addition to be a core part of dark protochlorophyllide
oxidoreductase (DPOR) subunit, also regulates certain
other developmental processes. Stable integration of chiB
gene into the tobacco plastome has revealed that the gene is
involved in the root development since more roots
appeared on transgenic shoots compared to wild type both
under dark and light regimes. Further, both wild type and
transgenic plants were acclimatized under normal growth
conditions and indistinguishable phenotype was observed
(Fig. 6). Hence, the present research findings may be
regarded as a step forward to engineer plants to improve
root system for better performance.
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