
Vol.:(0123456789)1 3

Physiology and Molecular Biology of Plants 
https://doi.org/10.1007/s12298-023-01395-5

RESEARCH ARTICLE

Reduced expression of chlorophyllide a oxygenase (CAO) decreases 
the metabolic flux for chlorophyll synthesis and downregulates 
photosynthesis in tobacco plants

Ajaya K. Biswal1 · Gopal K. Pattanayak1 · Kamal Ruhil1 · Deepika Kandoi1,2 · Sushree S. Mohanty1 · Sadhu Leelavati3 · 
Vanga S. Reddy3 · Govindjee Govindjee1,4 · Baishnab C. Tripathy1,5 

Received: 12 April 2023 / Revised: 17 November 2023 / Accepted: 20 November 2023 
© Prof. H.S. Srivastava Foundation for Science and Society 2023

Abstract
Chlorophyll b is synthesized from chlorophyllide a, catalyzed by chlorophyllide a oxygenase (CAO). To examine whether 
reduced chlorophyll b content regulates chlorophyll (Chl) synthesis and photosynthesis, we raised CAO transgenic tobacco 
plants with antisense CAO expression, which had lower chlorophyll b content and, thus, higher Chl a/b ratio. Further, these 
plants had (i) lower chlorophyll b and total Chl content, whether they were grown under low or high light; (ii) decreased 
steady-state levels of chlorophyll biosynthetic intermediates, due, perhaps, to a feedback-controlled reduction in enzyme 
expressions/activities; (iii) reduced electron transport rates in their intact leaves, and reduced Photosystem (PS) I, PS II and 
whole chain electron transport activities in their isolated thylakoids; (iv) decreased carbon assimilation in plants grown under 
low or high light. We suggest that reduced synthesis of chlorophyll b by antisense expression of CAO, acting at the end of 
Chl biosynthesis pathway, downregulates the chlorophyll b biosynthesis, resulting in decreased Chl b, total chlorophylls and 
increased Chl a/b. We have previously shown that the controlled up-regulation of chlorophyll b biosynthesis and decreased 
Chl a/b ratio by over expression of CAO enhance the rates of electron transport and  CO2 assimilation in tobacco. Conversely, 
our data, presented here, demonstrate that-antisense expression of CAO in tobacco, which decreases Chl b biosynthesis and 
increases Chl a/b ratio, leads to reduced photosynthetic electron transport and carbon assimilation rates, both under low 
and high light. We conclude that Chl b modulates photosynthesis; its controlled down regulation/ up regulation decreases/ 
increases light-harvesting, rates of electron transport, and carbon assimilation.
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PBGD  Porphobilinogen deaminase
PCR  Polymerase chain reaction
POR  Protochlorophyllide oxidoreductase
Proto IX  Protoporphyrin IX
PROTOX  Protoporphyrinogen oxidase
ROS  Reactive oxygen species
LL  Low light
HL  High light
MPE  Mg-protoporphyrin IX monoester
WT  Wild type

Introduction

Chlorophylls (Chls) are essential for light harnessing in pho-
tosynthesis. Chl a is present in both photosynthetic reac-
tion centers and light-harvesting complex proteins (LHCP) 
(Björn et al. 2009). Chl b is associated with LHCP that har-
vests and transfers light energy efficiently (~ 100%) to Chl 
a present in both Photosystem I (PS I) and PS II (Gross-
man et al. 1995; Shevela et al. 2019). Chl biosynthesis is an 
important metabolic process for the greening of plants as 
well as for photosynthesis; it is synthesized from a simple 
amino acid glutamate by several Chl biosynthetic enzymes 
(for reviews, see Tanaka and Tanaka 2006, 2007; Tripathy 
and Pattanayak 2012; Brzezowski et al. 2015). Chl biosyn-
thesis pathway intermediates are known to act as photosen-
sitizers (see e.g., Tripathy and Patttanayak 2010; Tripathy 
and Oelmüller 2012), and therefore, their synthesis in higher 
plants is tightly regulated (Mochizuki et al. 2010; Larkin 
2016). The enzymes of the Chl synthesis pathway are regu-
lated at transcriptional (Kobayashi and Masuda 2016), and 
posttranslational levels (Wang et al. 2020), as well as by the 
redox state of the cell (Richter et al. 2018). Chlorophyllide 
b is synthesized by the oxidation of a methyl group of Chlo-
rophyllide a to formyl group by the enzyme chlorophyllide 
a oxygenase (CAO) (Von Wettstein et al. 1995; Tanaka et al. 
1998; Oster et al. 2000). The chloropyllide a and chloropyl-
lide b are esterified with the phytol by chlorophyll synthase 
to form Chl a and Chl b respectively.

Light intensity strongly modulates the gene expression 
of CAO (Masuda et al. 2003; Harper et al. 2004; Pattanayak 
et al. 2005; Tanaka and Tanaka 2005). Interestingly, the CAO 
enzyme is also regulated by its product i.e., Chl b (Yamasato 
et al. 2005; Nakagawara et al. 2007; Sakuraba et al. 2009). 
Excess Chl b production is bad for the plants; it makes the 
plant susceptible to photodamage immediately after etiola-
tion (Yamasato et al. 2008), or when grown under high light 
(HL) (Hirashima et al. 2006).

Chlorophyll b is essential for the formation and stabi-
lization of light harvesting Chl protein (LHCP) complex 
in the thylakoid membranes (Thornber and Highkin 1974; 
Bellemare et al. 1982). In tobacco, Biswal et al. (2012) have 

shown that the controlled up-regulation of Chl b biosyn-
thesis and the decreased Chl a/b ratio, by overexpression 
of intact AtCAO, enhance not only the expression of light-
harvesting complex, but the electron transport chain compo-
nents of PSII (OEC33, D1 and D2), PSI components, (psaG, 
psaF, and psaE), and the intersystem electron transport com-
ponents of cytochrome b/f complex, as well as the rate of 
 CO2 assimilation.

The amount of LHC proteins decreases sharply in Chl 
b lacking mutants (Murray and Kohorn 1991; Król et al. 
1995), partly due to proteases degrading the unbound LHC 
apoproteins (Hoober and Eggink 2001). Similarly, Chl 
b-lacking (ch11) rice plants are known to downregulate two 
(Osa_107276047 and Osa_4342395) PsbR (chloroplast pho-
tosystem II subunit R) protein genes, resulting in reduced 
photosynthetic capacity (Nguyen et al. 2020). The Chl b 
mutants, lacking Chl b, or being deficient (i.e., containing 
reduced levels) in Chl b, have highly reduced photosynthe-
sis, and biomass that often affect plant survival (Thornber 
and Highkin 1974; Murray and Kohorn 1991; Harrison et al. 
1993; Kim et al. 2009; Dall’Osto et al. 2010; Ramel et al. 
2013). The leaves of Chl b-less Arabidopsis mutant (chlo-
rina1 [ch1]) are devoid of PSII Chl-protein antenna com-
plexes and have a very low capacity of nonphotochemical 
quenching (NPQ) of Chl fluorescence (Havaux et al. 2007; 
Ramel et al. 2013). Furthermore, the divinyl protochloro-
phyllide 8-vinyl reductase (pcb2; pale-green and chlorophyll 
b reduced 2) mutant lines of Arabidopsis have an increased 
divinyl Chl a, reduced chlorophyll b and a decreased num-
ber of grana stacks (Nakanishi et al. 2005). Similarly, in 
Chl b less (chlorina1 [ch1]) mutant, there is oxidative stress 
induced by singlet oxygen production, leading to poor 
growth (Ramel et al. 2013; Voitsekhovskaja and Tyutereva 
2015). Conversely, over expression of CAO with A domain 
removed or Prochlorothrix hollandica CAO having no A 
domain leads to excessive synthesis of Chl b increased oxi-
dative stress, decreased photosynthesis and reduced biomass 
(Nagata et al. 2004). The synthesis of excess Chl b results in 
Chl a/b ratio less than or equal to 1. Consequently, the Chl 
b is incorporated into the PSI/PSII core complex, leading 
to the inactivation of photosynthetic electron transport and 
the generation of reactive oxygen species (ROS) (Sakuraba 
et al. 2010).

From these studies, it is evident that either too much or 
too little of Chl b is deleterious to plants. However, very 
little information is available about the impact of reduced 
expression of CAO (so that transgenic plants have less Chl 
b) on the metabolic control of the entire Chl biosynthesis 
pathway and photosynthesis.

Thus, in the present study, we have reduced Chl b syn-
thesis, in tobacco plants, by antisense CAO expression, and 
then measured its impact on the metabolic flux of the Chl 
biosynthetic pathway, as well on photosynthesis in these 
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CAO antisense (CAOas) tobacco plants grown under low 
and high light intensities. We demonstrate that downregula-
tion of CAO expression (in CAOas plants) results in lower 
Chl b content, higher Chl a/b ratio, decreased synthesis of 
Chl intermediate metabolites and total Chl content, which 
is, probably, due to a feedback-controlled reduction in the 
expression/ activities of several enzymes involved in chloro-
phyll biosynthesis. Further, the photosynthetic potential of 
CAOas plants decreased due to their reduced Chl b content. 
Data presented in this study, along with our previous results 
(Biswal et al. 2012), show that amount of Chl b indeed mod-
ulates photosynthesis; its optimal upregulation increases, 
and its downregulation decreases Chl biosynthesis interme-
diates and Chl content, light-harvesting capacity, rates of 
electron transport and, above all, carbon assimilation.

Materials and methods

Plant growth conditions

Tobacco (Nicotiana tabacum cv. Petit Havana) plants 
were grown in a greenhouse under natural photoperiod, as 
described by Biswal et al. (2012). Plants were grown under 
light intensity of 300 μmol photons  m−2  s−1 at 22 °C ± 2 °C 
for 30 days. These plants were then transferred either to low 
light (LL) (70–80 μmol photons  m−2  s−1) or to high light 
(HL) (700–800 μmol photons  m−2  s−1) for 4 more weeks.

Construction of plasmid and plant 
transformation

AtCAO cDNA (1611 bp) fragment was amplified from A. 
thaliana ecotype Columbia cDNA, using a pair of prim-
ers: 5’-gc gaa ttc atg aac gcc gcc gtg ttt ag-3’ and 5’-gc 
gaa ttc tta gcc gga gaa agg tag-3’. EcoRI restriction sites 
were introduced into both the primers (underlined). The 
amplified cDNA fragment was ligated into pGEMT-Easy. 
Subsequently, the EcoRI digested CAO cDNA fragment 
was excised from cloned pGEMT-Easy and inserted into 
the modified pCAMBIA 2301 (Pattanayak et al. 2005) in an 
antisense orientation under the control of the constitutive 
cauliflower mosaic virus (CaMV) 35S promoter. The modi-
fied pCAMBIA 2301contained npt II as a selection marker 
(Fig. 1A). The antisense orientation of AtCAO (CAOas) in 
pCAMBIA 2301 plasmid was verified through PCR, restric-
tion digestion, and DNA sequencing methods.

The LBA4404 strain of Agrobacterium tumefaciens, car-
rying the gene-construct p35S: AtCAOas: nos poly (A) was 
used to transform tobacco; three independent transformed 
lines, i.e., the CAOas1, CAOas2 and CAOas3, were selected 
for further studies as described earlier (Biswal et al. 2012).

A number of primary transformants were selected on kan-
amycin plates (30 mg/L), and allowed to grow to the flower-
ing stage and then to the seed stage. In the T1 generation, 
genomic DNA was extracted, and the antisense orientation 
of AtCAO was confirmed by PCR using genomic DNA from 
the T1 plants, and the internal forward primers for the 35S 
CaMV promoter (5’-ccc act atc ctt cgc aag ac-3’), as well 
as the AtCAO cDNA (5’-gc gaa ttc atg aac gcc gcc gtg ttt 
ag-3’). The stably transformed T3 generation plants, derived 
from the CAOas primary transformants, were used in the 
subsequent studies.

Northern blot analysis

Northern blot analysis was done as described by Pattanayak 
et al. (2005).

Chlorophyll, chlorophyll biosynthesis 
intermediates and protein content

The chlorophyll content was measured in 90% acetone, as 
described by Porra et al. (1989). Leaves were homogenised 
in 90% ammonical acetone (90 ml acetone: 10 ml 0.1 N 
 NH4OH), and the homogenate was centrifuged at 4ºC for 
10 min. The pellet was white; the supernatant was used for 
the estimation of Chl and other Chl biosynthesis interme-
diates. The fluorescence emission measurements (excited 
by 400 nm (E400), 420 nm (E420) and 440 nm (E440)) 
were used for the estimation of Chl biosynthesis interme-
diates, i.e., protoporphyrin (Proto) IX, Mg-protoporphyrin 
IX monoester (MPE) and protochlorophyllide (Pchlide), as 
described earlier (Hukmani and Tripathy 1992; Pattanayak 
and Tripathy 2002). Further, The Bradford assay was used 
for the estimation of protein content of the leaves and of the 
thylakoid membranes (Bradford 1976). The estimation of 
Chl was performed with seven biological replicates, and the 
measurement of Chl biosynthesis intermediates were per-
formed with four biological replicates.

Estimation of 5‑aminolevulinic acid (ALA) 
and glutamate‑1‑semialdehyde (GSA)

ALA was estimated from leaf samples as described by Tewari 
and Tripathy (1998). Leaves (200 mg) were incubated in 
50 mM levulinic acid, dissolved in 50 mM MES, pH 7.0, 
either in dark or light (30 μmol photons  m−2  s−1) for 6 h, 
then hand -homogenized under green safe light in 5 ml of ice 
cold 4% trichloroacetic acid, and the homogenate was cen-
trifuged at 10,000 rpm for 10 min at 4 °C. The supernatant 
was used to estimate ALA, as described earlier (Tewari and 



 Physiology and Molecular Biology of Plants

1 3

Tripathy 1998). Results were expressed as net ALA synthesis 
in response to low light or high light (ALA synthesis in dark 
subtracted from ALA synthesis in light). Experiments were 
performed with four replicates.

For the estimation of GSA, leaves (50 mg) were incubated 
in the presence of GSA-AT inhibitor, 500 µM gabaculine dis-
solved in MES 0.1 M (pH 7.0), for 6 h under light. The leaf tis-
sue was hand homogenized in 5.0 mL of cold HCl (0.1 N), and 
centrifuged at 10,000 rpm for 10 min at 4 °C. The supernatant 
was used to estimate GSA (extinction coefficient 16.9  mM−1; 
Kannagara and Schouboe 1985; Sood et al. 2005). These 
experiments were performed using four biological replicates.

Enzyme assays

5‑Aminolevulinic acid dehydratase (ALAD)

Leaves (250 mg) were collected from WT and CAOas 
plants and hand homogenized in 5 ml of 0.1 M Tris–HCL 

(pH 7.6) and 0.01 M β-mercaptoethanol solution at 4 °C. 
The homogenate was centrifuged at 10,000 rpm for 10 min 
at 4 °C. The supernatant was taken and the activity of the 
ALAD enzyme was determined by measuring the amount 
of porphobilinogen (PBG) formed in 1.0 ml of reaction 
mixture, as described earlier (Shemin 1962; Tewari and 
Tripathy 1998). The incubation mixture consisted of 
60 mM Tris, 0.2 mM ALA, 1 mM EDTA, 15 mM  MgCl2, 
0.5% BSA (w/v), and 0.33 M Sucrose, pH 7.5, and the 
extracts from the leaves. After 10 min of pre-incubation, 
the reaction was started by adding the substrate ALA, and 
the incubation was carried out for 1 h at 28 °C. The amount 
of PBG formed was measured at 553 nm, and calculated 
by using 6.2 ×  104  M−1, as absorption coefficient (Bogorad 
1962; Hukmani and Tripathy 1994). These experiments 
were performed using four biological replicates.

Fig. 1  Generation of CAO 
antisense (CAOas) plants in 
tobacco (Nicotiana tabacum). A 
Schematic representation of the 
construct used for the antisense 
expression of AtCAO in the 
tobacco plant. B PCR analysis 
revealed the integration of 
CaMV35S-AtCAO into tobacco 
plant’s genome. A likely, 1.7 kb 
DNA fragment, was observed in 
all the 5 transgenics used (listed 
above the data), when the PCR 
was done using 35S-promoter 
internal forward primer and 
AtCAO forward primer. Further, 
as expected, 1.7 kb band was 
absent in the wildtype (WT) 
genomic DNA. C Northern blot 
analysis of CAO of WT and 
CAOas tobacco plants (CAOas1, 
CAOas2, CAOas3) grown under 
300 µmol photons  m−2  s−1 
light (natural sun light + metal 
halide lamps) for 30 days. D 
Phenotype of WT and CAOas 
plants grown for 30 days under 
300 μmol photons  m−2  s−1light
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Porphobilinogen deaminase (PBGD)

The enzymatic activity of porphobilinogen deaminase 
(PBGD) was assayed as described by e.g., Bogorad (1962). 
Leaves (250 mg) of LL- and HL- grown WT and CAOas 
plants were collected and hand homogenized in 5 ml of 
0.1 M Tris–HCL (pH 7.6) at 4 °C. The supernatant was 
taken for the assay and then the homogenate was centri-
fuged at 10,000 rpm for 10 min at 4 °C. The enzyme activ-
ity was assayed as the amount of porphyrin synthesized in 
1.0 ml of reaction mixture, which contained 140 µg PBG, 
3 mM EDTA, 100 mM Tris–HCL (pH 7.6) and 600 µl of 
the enzyme extract (Bogorad 1962; Hukmani and Tripa-
thy 1994; Sood et al. 2005;). For calculation of the enzyme 
activity, an extinction coefficient of 5.48 ×  105  M−1  cm−1 (at 
405.5 nm) was used. These experiments were performed 
using four biological replicates.

Protoporphyrinogen oxidase, Mg‑Chelatase 
and MPE Cyclase

For the estimation of these enzymes, we first isolated chlo-
roplasts, as described below. Five grams of leaves from WT 
and CAOas plants were hand homogenized using 5 vol-
umes of cold grinding buffer (pH 7.6) consisting of 50 mM 
HEPES, 0.33 M sorbitol, 1 mM  MgCl2, 1 mM  MnCl2, 2 mM 
 Na2EDTA, 0.1% BSA, and 0.025% isoascorbate (Gupta and 
Tripathy 2010). The homogenate was filtered through two 
layers of cheesecloth, and the resulting filtrate underwent 
centrifugation at 4000 rpm for 7 min at 4 °C. After discard-
ing the supernatant, the pellet was suspended in 2 mL of 
grinding buffer using a paintbrush. Subsequently, the sus-
pended pellets were added to 50% Percoll solution, and the 
contents were mixed gently by inverting the tubes, which 
was sealed with parafilm. The material was centrifuged 
at 15,000 rpm for 15 min. After centrifugation, the lower 
green band, comprising intact chloroplasts, was carefully 
collected, washed with wash buffer (grinding buffer with-
out bovine serum albumin) and re-suspended in the same 
buffer. These experiments were performed using four bio-
logical replicates.

Protoporphyrinogen oxidase (Proto IX) assay was then 
performed as described by Jacobs et al. (1989) and Tewari 
and Tripathy (1998). The intact chloroplasts isolated from 
leaves of LL- and HL-grown WT and CAOas plants were 
lysed in a buffer containing 10 mM Tris–HCl (pH 7.7), 
20 mM  MgCl2 and 2.5 mM  Na2EDTA. These lysed plastids 
were centrifuged at 5,000 rpm for 3 min at 4 °C and the 
supernatant was used for the enzyme assay. To do this, the 
following components were added to the supernatant (con-
taining 100 μg chloroplastic protein): 6 mM ATP, 5 mM 
DTT, and 55 µl of protogen. Proto IX was estimated by spec-
trofluorometry as described earlier (Hukmani and Tripathy 

1992; Tewari and Tripathy 1998). The enzyme, inactivated 
by heat, was obtained by keeping the supernatant in boiling 
water bath for 10 min, which was used as a control (blank). 
These experiments were performed using four biological 
replicates.

For Mg-Chelatase assay, intact chloroplasts were sus-
pended, at room temperature, in a buffer containing 0.5 M 
sucrose, 0.2 M Tris–HCL (pH 7.7), 20 mM  MgCl2, 2.5 mM 
 Na2EDTA, 20 mM ATP, 20 mM NAD and 8 mM methanol. 
The reaction was started by the addition of 1.5 μM ProtoIX 
to the reaction mixture, which was then left for 1 h at 28°C 
in the dark, while the sample was continuously shaken, and 
finally the reaction was stopped by adding 1.7 ml of ice-cold 
acetone. The samples were extracted with hexane and the 
hexane extracted acetone solvent mixture (HEAR), at the 
bottom, was used to estimate MPE by a spectrofluorometer 
(Hukmani and Tripathy 1992). These experiments were per-
formed using four biological replicates.

For MPE Cyclase, intact chloroplasts were suspended in a 
suspension buffer containing 0.5 M sucrose, 0.2 M Tris–HCl 
(pH 7.7), 20 mM  MgCl2, 2.5 mM  Na2EDTA and 20 mM 
ATP. The reaction mixture consisted of 100 uL of this chlo-
roplast suspension, 100 uL of additional suspension buffer 
without chloroplasts, and 1.5 μM MPE. The incubation took 
place at room temperature in the dark for 1 h. Subsequently, 
1.7 ml of ice-cold 90% ammonical acetone was introduced 
to halt the reaction. The hexane-extracted acetone  resi-
due (HEAR) was prepared from the acetone extract, and the 
quantity of Pchlide formed was assessed using spectrofluor-
imetry (Hukmani and Tripathy 1992). These experiments 
were performed using four biological replicates.

Protochlorophyllide oxidoreductase (POR) assay

Plants were initially kept in dark for 6 h and then exposed to 
cool white fluorescent light (80 μmol photons  m−2  s−1) for 
15 min to measure the photo-transformation of Pchlide (POR 
activity). From the 6-h dark-incubated and 6-h dark + 15 min 
light-illuminated WT and CAOas plants, 50 mg of leaf tis-
sues were selected, and their Pchlide contents were moni-
tored using the methods previously described by Pattanayak 
and Tripathy (2002, 2011). The percent of phototransforma-
tion of Pchlide to Chlide in LL-and HL-WT and CAOas 
samples was calculated as described by Pattanayak and Trip-
athy (2011):[(Pchlide content before phototransformation)—
(Pchlide content after phototransformation)] /(Pchlide con-
tent before phototransformation) × 100]. These experiments 
were performed using four biological replicates.

Electron transport assay

Thylakoid membranes were extracted in a buffer containing 
0.01 M Tris and 1 mM EDTA (pH 7.5). The homogenate 
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was centrifuged at 5000 g for 5 min, and the resulting pel-
let, which contained thylakoid membranes, was resuspended 
in a buffer composed of 0.4 M sorbitol, 0.05 M Tris (pH 
7.5), 1 mM MgCl 2, and 1 mM EDTA (Mohapatra and Tri-
pathy 2003; Gupta and Tripathy 2010). Assays to measure 
electron transport activity of whole chain, PSII and PSI 
were conducted using thylakoid membranes isolated from 
plants. These assays were carried out in a glass cuvette fit-
ted within a Clark-type oxygen electrode from Hansatech, 
UK, as described earlier (Jilani et al. 1996; Chakraborty and 
Tripathy 1992a, 1992b; Kandoi et al. 2022). The reactions 
were maintained at 25ºC using a temperature controlled 
water bath, and the samples were illuminated for 20 s with 
tungsten light (1500 µmol photons  m−2  s−1).

The whole chain electron transport, from water to meth-
ylviologen (MV) (1 mM), was monitored as  O2 uptake. The 
assay mixture (3 ml) consisted of 50 mM HEPES (pH 7.5), 
10 mM NaCl, 1 mM  NH4Cl, 3 mM  MgCl2, 1.0 mM sodium 
azide  (NaN3), and 0.5 mM methyl viologen and 50 µg chlo-
rophyll. PSII activity was observed as  O2 evolution using 
the  H2O to p-phenylenediamine (PD) system. The reac-
tion mixture (3 mL) for PD supported  O2 evolution assay 
consisted of 50 mm HEPES (pH 7.3) buffer, 3 mM  MgCl2, 
10 mM NaCl, and freshly prepared PD (0.5 mM). The partial 
electron transport chain through PSI was assessed by moni-
toring oxygen consumption using ascorbate (1 mM)/ DCIP 
(0.1 mM) as an electron donor, along with MV (1 mM), 
1.0 mM sodium azide  (NaN3). Electron flow from PSII 
was inhibited by adding 20 µM of 3-(3, 4-dichlorophenyl) 
1, 1-dimethyl urea (DCMU). These experiments were con-
ducted with five biological replicates.

Chlorophyll a fluorescence

Chl a fluorescence in the dark-adapted leaves was measured 
by a PAM-2100 (Walz, Germany) fluorometer, at room tem-
perature, following the protocol as described by Genty et al. 
(1989). For a comprehensive understanding of Chl a fluores-
cence and its relation to photosynthesis (including definition 
and use of ∆F/Fm’, mentioned below), see Govindjee (1995, 
2005), Schreiber et al. (1995), and Baker (2008). Before 
fluorescence measurement, the leaves were dark-adapted 
for 20 min. The effective PSII quantum yield (фPSII) was 
calculated according to Genty et al. (1989) by the formula 
фPSII = (Fm′ − Ft) / Fm′, where Fm′ is defined as the maxi-
mal fluorescence yield in a pulse of saturating light, when 
the sample is pre-illuminated and Ft represents the measured 
fluorescence yield at any given time (t). The relative electron 
transport rate (ETR), expressed as μmol electrons  m−2  s−1, 
was estimated as [(∆F/Fm’) × 0.5 × 0.84 x PAR], where ∆F/
Fm’ = (Fm’-F) / Fm’, and photosynthetically active radiation 
(PAR) was measured in μmol photons  m−2  s−1. The factor 

0.5 represents our estimate that the light incident on the leaf 
surface is absorbed equally by PSII and PSI, whereas, the 
factor 0.84 is the fractional absorption of solar energy by 
leaves (Dutta et al. 2009; Kandoi et al. 2018). Non-pho-
tochemical quenching (NPQ) of the excited state of Chl a 
was calculated from the formula: NPQ = (Fm − Fm′) / Fm′ 
(Schreiber 2004). These experiments were performed using 
five biological replicates.

Carbon assimilation

Photosynthetic gas exchange was measured using an infra-
red gas analyzer (IRGA), LI-COR 6400-XT portable pho-
tosynthesis system, as described by Kandoi et al. (2016). In 
the leaf chamber,  CO2 concentration was maintained at 380 
µL  L−1 with a flow rate of 400 µmol  s−1 and air temperature 
at 25 °C. Before monitoring  CO2 assimilation, both WT and 
CAOas leaves were exposed to 700 µmol photons  m−2  s−1 
(HL-grown plants) or to 200 µmol photons  m−2  s−1 (LL-
grown plants), for 20 min. The rates of  CO2 uptake of the 
attached leaves of both the WT and CAOas plants were mon-
itored using IRGA, at limiting (80 µmoles photons  m−2  s−1), 
intermediate (400 µmoles photons  m−2  s−1) and near-satu-
rating light intensity (800 µmoles photons  m−2  s−1). These 
experiments were performed using five biological replicates.

Statistical analysis

For statistical analysis, using appropriate data, one-way/
two- way ANOVA along with Dunnett’s post hoc test were 
used to determine statistical significance (P < 0.05; P < 0.01) 
(Kandoi et al. 2022). Statistically significant differences have 
been calculated between WT grown in LL and CAOas grown 
in LL, as well as between WT grown in HL and CAOas 
grown in HL.

Results

Generation of transgenic tobacco lines

To study the effects of down-regulation of CAO gene expres-
sion on Chl biosynthesis pathway, and on photosynthesis, 
AtCAO cDNA was introduced, in tobacco, in antisense 
orientation (Fig. 1A). In the T1generation, genomic DNA 
was extracted and the antisense orientation of AtCAO was 
confirmed by PCR that yielded a fragment of ~ 1.7 kb, sug-
gesting that the transgene had been stably integrated into the 
host genome (Fig. 1B). We then checked the CAO expres-
sion in the transformed T3 generation homozygous antisense 
transgenic lines (CAOas1, CAOas2, CAOas3) by Northern 
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blot analysis. All the three antisense lines showed reduced 
CAO expression (Fig. 1C). The CAOas3 was phenotypically 
slightly smaller in height than the WT under the growth 
conditions used (Fig. 1D).

Antisense expression of CAO altered 
the chlorophyll a/b ratio and the metabolic 
flux of chlorophyll biosynthesis pathway

The downregulation of CAO, in CAOas plants, led to reduced 
accumulation of Chl b in all the three CAOas lines (CAOas1, 
CAOas2, CAOas3) grown in LL (14%-19%) or HL (20%-
29%) regime (Fig. 2A). The Chl a content was higher in LL 
than in HL grown WT and transgenic plants. Further, the 
Chl a content did not decline significantly in CAOas plants 
in HL and LL (Fig. S1). Consequently, the Chl a/b ratio 

increased by 10% to 12% (in CAOas-LL) and 18 to 23% 
(in CAOas-HL) compared to WT-LL and WT-HL plants, 
respectively (Fig. 2B). The total Chl content in LL- and HL-
grown CAOas plants (CAOas1, CAOas2, CAOas3) was lower 
by 10%-15% or 12%-19% than in the WT plants, grown in 
LL or HL (Fig. 2C). To maintain consistency in our experi-
ments, we always selected the 1st leaf from the top of the 
plant. We also measured the total Chl content from the 1st, 
2nd, and the 3rd leaf of the WT, and of all the 3 antisense 
lines. We observed a decreased Chl content of all the leaves 
in all the 3 transgenic lines (Fig. 2D).

We then examined how the downregulation of CAO 
affected the metabolic intermediates of Chl biosynthesis 
pathway in the 3rd leaf of the WT and the transgenics. For 
this, we measured the steady state accumulation of the early 
precursors of Chl biosynthesis, i.e., glutamate semialdehyde 
(GSA) and 5-aminolevulinic acid (ALA) in LL as well as 

Fig. 2  Chlorophyll content of wild-type (WT) and CAO antisense 
(CAOas) tobacco plants grown under low-light (LL) and high-light 
(HL) in the greenhouse A chlorophyll b, B chlorophyll a/b ratio, C 
Total chlorophyll content, and, D Total chlorophyll content of the 
2nd, 3rd and 4th leaf from the top, from WT and CAOas plants. 
Plants were grown for up to 30 days under light intensity of 300 μmol 
photons  m−2  s−1; then, they were transferred to LL (70–80 μmol pho-
tons  m−2  s−1) and HL (700–800 μmol photons  m−2  s−1) for additional 

4 weeks. Each data point is the average of seven replicates and error 
bars represent the ± SE; asterisks indicate significant differences 
determined by ANOVA-test along with Dunnett’s post hoc test com-
pared to WT (*P < 0.05, **P < 0.01). FW: Fresh weight. Statistical 
tests were conducted between WT and mutant within the same treat-
ment. Lines have been drawn between WT and transgenic lines to 
show statistical differences between them



 Physiology and Molecular Biology of Plants

1 3

HL- grown WT and CAOas plants. The synthesis of ALA 
was reduced in different CAOas lines by 9%-12% and 16%-
18% grown in LL and HL, respectively (Fig. 3A). As com-
pared to WT, GSA was lower by 9–12% in CAOas-LL and 
by 16–22% in CAOas-HL (Fig. 3B).

In addition to GSA, we measured the tetrapyrrole inter-
mediates, i.e., protoporphyrin IX (Proto IX), Mg-protopor-
phyrin IX monomethyl ester MP(E) and protochlorophyl-
lide (Pchlide) from both the WT and the CAOas plants. As 
compared to WT, Proto IX was reduced in CAOas3 plants 
by 9%–12% in LL, and 10%–16% in HL plants (Fig. 3C). 
Both MP(E) and Pchlide were also reduced by ~ 10–20% in 
the CAOas3 plants, grown under LL and HL-regimes (see 
Fig. 3D and E).

Modulation of enzymes involved in Chl 
biosynthesis in WT and CAOas plants, grown 
under LL or HL regime

To examine the synthesis of tetrapyrroles in CAOas in plants, 
grown in LL and HL regimes, we measured (see Fig. 4A-F) 
the activities of Chl biosynthesis pathway enzymes (e.g., 
ALA dehydratase (ALAD), Porphobilinogen deaminase 
(PBGD), Protoporphyrinogen oxidase (PROTOX), Mg-
Chelatase, Mg-protoporphyrin IX monoester (MPE) cyclase 

and Protochlorophyllide oxidoreductase, POR). Among the 
three, CAOas3 plants showed the maximum decrease in Chl 
b, total Chl content and amounts of Chl biosynthetic inter-
mediates; therefore, we monitored Chl biosynthetic enzyme 
in these plants.

ALA dehydratase activity was 27% and 21% lower in 
CAOas-LL and CAOas-HL than in WT-LL and WT-HL- 
plants (Fig. 4A). Further, the next enzyme of the Chl biosyn-
thesis pathway, porphobilinogen deaminase (PBDG), was 
also reduced by 33% and 22% in CAOas plants grown in HL 
and LL regimes. The activity of protoporphyrinogen oxi-
dase (protox), that converts protoporphyrinogen IX to pro-
toporphyrin IX, also decreased by 16% to 23% in the CAOas 
plants, as compared to the WT plants (Fig. 4B-C). Further, 
when we checked the enzymatic activities of the Mg-branch 
of tetrapyrrole biosynthesis, which leads to Chl synthesis, 
we observed that the activity of Mg-chelatase, which inserts 
Mg on protoporphyrin IX to produce Mg-protoporphyrin 
IX, decreased by 15% and 21% in LL- and HL-grown trans-
genic plants (Fig. 4D). In addition, the Mg-protoporphyrin 
IX monoester (MPE) cyclase, which produces Pchlide, was 
reduced by 12% and 19% in LL and HL plants (Fig. 4E).

When we estimated the enzymatic function of protochlo-
rophyllide oxidoreductase (POR), we found that its activ-
ity increased in response to growth in HL, both in WT and 
CAOas plants compared to plants grown in LL. However, 

Fig. 3  Metabolites of chlorophyll biosynthesis pathway of WT and 
CAOas plants grown under LL and HL. The content of tetrapyr-
role intermediates, as measured from WT and CAOas plants grown 
under LL and HL, was measured as described under Materials and 
Methods; also see the legend of Fig. 2. A ALA, B Glutamate semi-
aldehyde (GSA), C protoporphyrin IX (Proto IX), D Mg-protopor-

phyrin IX monoester {MP(E)}, and E protochlorophyllide (Pchlide). 
Each data point is the average of four replicates, error bars represent 
the mean  ± SE; asterisks indicate significant differences determined 
by ANOVA-test along with Dunnett’s post hoc test compared to WT 
(*P < 0.05, **P < 0.01). Statistical tests were conducted between WT 
and mutant within the same treatment
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the POR activity decreased by 19% and 27%, respectively, 
under LL and HL conditions in CAOas plants compared to 
WT (Fig. 4F).

Photosynthetic responses of CAOas plants 
grown under LL or HL regime

To check if decreased Chl b content and a higher Chl a/b 
ratio modulates the function of photosynthetic apparatus, 
both the primary processes of photosynthesis and carbon 
assimilation were monitored in WT and CAOas plants.

Chl a fluorescence was monitored as a non-invasive 
signature of photosynthesis (Govindjee 1995; Nellaepalli 

et al. 2012). The light response curve of PSII-supported 
electron transport rate (ETR; µmol electrons  m−2  s−1) of 
intact leaves, measured in LL-grown plants, saturated 
at ~ 550 µmol photons  m−2  s−1, whereas plants grown under 
HL regime attained a maximum rate at ~ 800 µmol photons 
 m−2  s−1 (Fig. 5). The relative ETR in limiting as well as 
saturating light intensities was lower, as compared to the 
WT, in all the 3 transgenic lines of CAOas plants grown 
both in LL- and HL-regimes. At saturating light intensity, 
the relative ETR of LL- and HL-grown CAOas3 plants was 
reduced by 20%–25% (Fig. 5). Although, we used a fac-
tor 0.5 for the calculation of ETR, assuming equal distri-
bution of absorbed light between PSI and PSII, this factor 
could have been changed in our actual study where the Chl 

Fig. 4  Enzyme activities of chlorophyll biosynthesis pathway of 
WT and CAOas plants grown under different light regimes. A ALA 
dehydratase, B PBG deaminase, C Protoporphyrinogen oxidase, D 
Mg-chelatase, E MP(E) cyclase, measured from both LL- and HL- 
grown WT and CAOas plants (see Material and Methods). Plastids 
from different plants were isolated, enzymatic assays were performed, 
and ProtoX, Mg-chelatase and MPE cyclase were expressed per 
mg protein per hour, F Protochlorophyllide oxidoreductase activity 
(POR) determined in dark. Both LL- and HL-grown WT and CAOas 

plants were incubated in dark for 8  h. Plants were exposed to light 
(100  μmol photons  m−2   s−1) for 15  min after dark incubation, and 
their Pchlide concentration was measured, as well as phototransfor-
mation (%) of Pchlide to Chlide. Each data point is the average of 
four replicate, error bars represent the ± SE; asterisks indicate sig-
nificant differences determined by ANOVA-test along with Dunnett’s 
post hoc test compared to WT (*P < 0.05, **P < 0.01). Statistical tests 
were conducted between WT and mutant within the same treatment
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b content decreased in CAOas plants, resulting in a changed 
absorption ratio of PSII and PSI. Therefore, we have used 
relative ETR for measurements in intact leaves.

The quantum yield of PSII (ΦPSII) decreased in response 
to increasing light intensity in both HL- and LL- grown WT 
and CAOas plants. In LL-grown WT plants, the effective 
фPSII at limiting light intensity was slightly higher than 
in HL-grown WT plants (Fig. S2). The effective фPSII of 
LL- and HL-grown CAOas plants was lower than in the WT 
under both limiting and saturating light intensities. Fur-
thermore, the LL- grown CAOas plants had lower effective 
фPSII than HL-grown CAOas plants under limiting and 
saturating light intensities (Fig. S2).

The non-photochemical quenching (NPQ) of Chl a fluo-
rescence increased in response to increasing light intensity 
both in HL and LL grown WT and CAOas. However, the 
NPQ of Chl a fluorescence was higher in CAOas plants than 
WT grown in HL and LL regimes (Fig. S3). [ Note that both 
the ΦPSII yield and NPQ were calculated from the fluores-
cence data as described in the Material and Methods.]

Whole chain, PSII and PSI reactions of LL‑ 
and HL‑grown WT and CAOas plants

To further check the effect of reduced Chl b content, cou-
pled with higher Chl a/b ratio, on photosynthetic electron 
transport chain, we measured the light-saturated whole chain 
electron transport  (H2O MV, methyl viologen), the partial 
reaction of PSII  (H2O PD, phenylenediamine) and that of 

PSI (ascorbate/DCIP, dichlorophenolindophenol MV) in the 
thylakoid membranes, isolated from chloroplasts of LL- and 
HL-grown WT and CAOas plants. The light-saturated whole 
chain electron transport and partial reactions of PSI, and 
PSII, measured from LL-grown WT plants, were lower than 
that in HL-grown WT plants (Fig. 5). All the 3 transgenic 
antisense lines had lower PSII, PSI and whole chain elec-
tron transport rates than the WT, expressed on an equal Chl 
basis; the % decrease of activities at saturating light intensity 
was maximum for CAOas3 lines. At saturating light, and 
for plants grown under LL, CAOas-3 plants, as compared to 
WT, had lower (16–18%) PSII, PSI and whole chain electron 
activities, whereas for plants grown under HL, these activi-
ties were much lower (20–25%; see Fig. 6A, B and C).

Carbon assimilation

To assess whether the decreased electron transport rates, 
which results in lower reducing power in the form of 
NADPH, as well as ATP, for  CO2 reduction, indeed lead 
to reduced net carbon assimilation in the antisense plants, 
we examined the rates of  CO2 uptake in intact leaves. The 
measurement was conducted at ambient level  CO2, using 
IRGA under three different light intensities: limiting (80 
µmoles photons  m−2  s−1), partially saturating (400 µmoles 
photons  m−2  s−1) and almost saturating (800 µmol photons 
 m−2  s−1). Among all the 3 antisense lines in CAOas3 plants, 
photosynthetic  CO2 assimilation rates at all the three light 
intensities were reduced by 15% and 20% in LL- and HL-
growth regimes (Fig. 7).

Discussion

In the present study, we demonstrated that antisense expres-
sion of CAO in tobacco results in decreased Chl b, and con-
sequently higher Chl a/b ratio in all the 3 antisense lines 
(Fig. 2). We then attempted to ascertain if the down regu-
lation of CAO expression, that resulted in reduced Chl b 
content, affected the steady state levels of Chl metabolic 
intermediates (see Fig. 8). Our results indeed demonstrate 
that reduced CAO expression decreases activities of both 
the early enzymes, i.e., ALA dehydratase (ALAD), Por-
phobilinogen deaminase (PBGD), Protoporphyrinogen oxi-
dase (PROTOX), and the late enzymes, i.e., Mg-Chelatase, 
Mg-protoporphyrin IX monoester (MPE) cyclase and pro-
tochlorophyllide oxidoreductase (POR) of Chl biosynthesis 
pathway (Fig. 4). This leads to reduced synthesis of Chl 
biosynthesis intermediates. Similarly, the rice Chl b-defi-
cient mutant (chlorina 11, ch11), having very low amounts 
of Chl b, is shown to down-regulate the POR gene expres-
sion in the Chl biosynthesis pathway, although it does not 

Fig. 5  Electron transport rate of WT and CAOas plants. LL- and HL-
grown WT and CAOas plants were dark adapted for 20  min before 
measurements were made, using PAM 2100 fluorometer. ETR was 
estimated from data obtained by this fluorometer at different light 
intensities (up to 900  µmol photons  m−2   s−1) as described in the 
methods. Each data point is the average of five replicates; error bars 
represent the ± SE; asterisks indicate significant differences deter-
mined by ANOVA-test along with Dunnett’s post hoc test compared 
to WT (*P < 0.05, **P < 0.01). Statistical tests were conducted 
between WT and mutant within the same treatment
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affect an early enzyme of Chl biosynthesis (Nguyen et al. 
2021). Conversely, The Chl b mutant (Chlorina 1, ch1), 
which completely lacks Chl b, has reduced expression of 
the early enzyme of Chl biosynthesis, i.e., glutamyl-tRNA 
reductase, GluTR, without affecting the gene expression 
of the late enzyme POR (Nguyen et al. 2020). The gene 
expression of certain other enzymes in the Chl biosynthesis 
pathway is upregulated or not significantly affected. This 
results in reduced synthesis of Chl a and/or Chl b (Nguyen 
et al. 2021). In our study, where CAO expression is partially 
reduced, it affects most of the enzymatic activity of the Chl 
biosynthetic pathway, resulting in reduced synthesis of Chl. 

The inconsistency between gene expression reported in Chl 
b mutants (Nguyen et al. 2021) and our present study, where 
most of the enzymatic reactions of Chl biosynthesis pathway 
are down-regulated, may be due to their post-transcriptional 
regulation. This demonstrates that the reduced expression 
of CAO, that acts at the penultimate step of Chl biosyn-
thesis to divert Chlide a for Chlide b synthesis, had indeed 
affected the metabolic flux of pyrroles and its derivatives 
in the Chl biosynthesis pathway by downregulating the Chl 
biosynthetic enzymes. This demonstrates the presence of 
regulatory network of Chl biosynthetic genes (Pattanayak 
and Tripathy 2011; Biswal et al. 2012; Wang and Grimm 
2021).

In an earlier study, we found that overexpression of CAO 
results in increased content of Chl b, Chl a and total Chl 
(Biswal et al. 2012). This increase was due to upregulation 
of gene expression, higher protein abundance, and increased 
activities of most of the enzymes involved in Chl biosynthe-
sis, in both LL- and HL-grown plants. Furthermore, due to 
higher Chl b synthesis, the CAO overexpressors had lower 
Chl a/b ratio than the WT. Our present results demonstrate 
that increase or decrease of Chl b synthesis modulates Chl 
biosynthetic enzymes leading to increases or decreases in 
the Chl content of plants. Chl biosynthetic pathway inter-
mediates are photodynamic in nature (Rebeiz et al. 1990). If 
the pathway of Chl synthesis is impaired or blocked due to 
genetic mutation or to environmental stresses, it is expected 
to result in the accumulation of porphyrin intermediates 
that are toxic to plants (Rebeiz et al. 1990; Tripathy and 
Chakraborty 1991; Chakraborty and Tripathy 1992a; Mochi-
zuki et al. 2010; Ambastha et al. 2020). Therefore, we sug-
gest that the reduced expression of CAO may attenuate ALA 
synthesis to prevent the over-accumulation of photodynamic 
tetrapyrroles of the pathway that have the potential to gener-
ate singlet oxygen (1O2) (Chakraborty and Tripathy 1992a; 

Fig. 6  Electron transport reactions of thylakoid membranes isolated 
from wild-type and CAOas plants. A Electron transport through 
PSII (oxygen evolution; water to PD); B whole chain (water to MV; 
oxygen uptake); and C PSI (ascorbate to MV; oxygen uptake). The 
oxygen evolution/uptake was measured polarographically, using a 

Hansatech oxygen electrode. Each data point is the average of five 
replicates, error bars represent the mean ± SE; asterisks indicate sig-
nificant differences determined by ANOVA-test along with Dunnett’s 
post hoc test compared to WT (*P < 0.05, **P < 0.01). Statistical tests 
were conducted between WT and mutant within the same treatment

Fig. 7  Net  CO2 assimilation rates of the attached leaves of WT and 
CAOas plants grown in LL and HL conditions. Net  CO2 assimilation 
rates were monitored with an infrared gas analyzer (Licor 6400-XT 
portable photosynthetic system) at ambient  CO2 at different light 
intensities (80, 400, 800 µmol photons  m−2   s−1). These experiments 
were done three times, error bars represent the ± SE; asterisks indi-
cate significant differences determined by ANOVA-test along with 
Dunnett’s post hoc test compared to WT (*P < 0.05, **P < 0.01). Sta-
tistical tests were conducted between WT and mutant within the same 
treatment.
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Tripathy et al. 2007; Tripathy and Pattanayak 2010; Patta-
nayak and Tripathy 2011; op den Camp et al. 2013). Chl b 
-less mutants, upon transfer to HL, have been shown to be 
photo-damaged and to generate high amounts of singlet oxy-
gen as well as MDA due to the absence of antenna located 
protection mechanisms (Ramel et al. 2013; Voitsekhovskaja 
and Tyutereva 2015). Similarly, excess Chl b synthesis is 
known to lead to uncontrolled light absorption, damaging 
cells when kept under high light (Yamasato et al. 2008). 
Unlike other Chl b-less mutant studies, where there was no 
Chl b, the CAOas plants that were used in this study had 
significant amount(s) of Chl b; and there was only a small 
reduction in Chl b biosynthesis and therefore, there was no 
visible photo-damage to plants under high light.

Sun and shade plants respond differently to varying light 
intensities (LL and HL). Shade plants exhibit a reduced 
Chl a/b ratio, higher levels of LHCP II, resulting in a larger 
antenna size of PSII (Anderson et al. 1988; Melis 1991; Ziv-
cak et al. 2014). Conversely, HL-grown plants display an 
increased Chl a/b ratio, elevated PSII, ATP synthase, and 
Rubisco levels, but reduced chlorophyll and LHC contents 
(Leong and Anderson 1984; Bailey et al. 2001; Tanaka and 
Tanaka 2005). Our previous study (Biswal et al. 2012) has 
shown that CAO overexpression results in greener leaves due 
to the accumulation of higher amounts of Chl; however, the 
increase in Chl content in CAO overexpressers was higher 

than that in the WT in both LL and HL regimes. Conversely, 
our present study demonstrates that downregulation of CAO 
through antisense expression results in reduced Chl accu-
mulation both in LL and HL grown plants. However, the 
total Chl content in CAOas plant was also lower in HL as 
compared to that in LL. These demonstrate the presence 
of a regulatory network of Chl biosynthetic genes which 
is not suppressed either by CAO overexpression or anti-
sense expression. Further, at higher light intensities, all the 
CAOas lines had reduced ETR compared to the WT plants. 
This reduction in ETR in CAOas lines may be attributed to 
decreases in abundance and the presence of non-functional 
PSII and higher NPQ.

Ort et al. (2015) purposed that photosynthetic potential 
of plants can be increased by reducing Chl content. In our 
study, the observed changes in PSII-dependent ETR, meas-
ured in intact leaves, demonstrate that the reduced CAO 
expression, with lower Chl b and higher Chl a/b ratio, led to 
diminished efficiency of energy capture and its utilization in 
all the 3 transgenic lines (Fig. 5). This was accompanied by 
a decrease in the light-saturated PSI, PSII and whole chain 
electron transport activities of thylakoid membranes iso-
lated from LL- and HL-grown plants (Fig. 6). Conversely, 
plants overexpressing CAO had higher light saturated 
PSI and PSII reaction rates than the WT due to increased 
abundance of electron transport complexes, D1, D2, the 

Fig. 8  Schematic diagram demonstrating the central role of Chlorophyll b in the upregulation and the downregulation of photosynthesis and on 
the biomass of the plants
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oxygen-evolving complex protein OEC33, cytochrome b/f 
complex, cytochrome f and Rieske proteins (Biswal et al. 
2012) and delayed senescence (Sakuraba et al. 2012).

The reduced amount of the NADPH and ATP due to 
lower ETR could have resulted in reduced carbon assimila-
tion in all the 3 CAOas lines (Fig. 7). An increased expres-
sion of photosynthetic genes and proteins were observed 
in CAO over expressers (Biswal et al. 2012). The reduced 
photosynthetic carbon assimilation rates in all our 3 CAOas 
lines, under both limiting and saturating light intensities, 
agree with the results of Friedland et al. (2019) on 2 of 3 
CAO RNAi lines of Camelina sativa in their research. We 
speculate that the difference in the results for the RNAi 
line 1 where they had obtained higher photosynthetic rate 
could be due to the use of different species, the growth light 
intensity or the degree of gene silencing. Conversely, the 
CAO overexpression, in tobacco, has been shown to have 
decreased Chl a/b ratio, increased Chl content and higher 
carbon assimilation rate per unit leaf area (Biswal et al. 
2012). However, algae grow as a population and could atten-
uate light intensity due to larger light-harvesting antenna in 
deeper layers and consequently could have higher biomass 
when the light-harvesting antenna are reduced (Perrine et al. 
2012; for other factors, see e.g., Maltsev et al. 2021). In our 
study of tobacco, the leaf thickness was not high enough 
to substantially attenuate light intensity. Thus, we suggest 
that this was the reason why we did not see the beneficial 
impact of reduced Chl b on photosynthesis of intact leaves 
of a stand-alone transgenic plant.

Our earlier data of CAO overexpression in tobacco having 
increased Chl b and total Chl has demonstrated an enhance-
ment in photosynthesis and biomass production (Biswal 
et al. 2012). Similarly, an increase in Chl b and total Chl due 
to CAO overexpression in rice has been shown to not only 
increase the rate of photosynthesis but also the seed yield 
(Ping et al. 2023). Conversely, the present data demonstrate 
that a small decrease of Chl b amount, increased Chl a/b ratio 
accompanied by lower chlorophyll content, could diminish 
the rate of photosynthesis both in low light and high light. 
Therefore, we suggest that an increase in Chl b content, and 
larger antenna, could enhance photosynthetic efficiency of a 
stand-alone plant. However, this concept needs to be tested 
under field conditions to check if the reduced light intensity 
reaching the bottom of the crop canopy due to attenuation 
by increased light absorption by light-harvesting complex 
of the upper layers of the canopy would negatively impact 
crop productivity. It is well known that the increase in the 
leaf area index beyond a certain point could reduce crop 
productivity due to mutual shading (Tanaka and Kawano 
1966; Li et al. 2014). Conversely, under field conditions, 
higher penetration of light through a crop canopy, having 
reduced Chl b and smaller light-harvesting antenna, could 
beneficially impact photosynthesis of the bottom leaves and 

increase plant productivity. Such an experiment could not, 
yet, be done as we did not have the official permission to 
grow transgenics in the field conditions. However, there is 
a need to test these concepts under field conditions to study 
the impact of increased or decreased Chl b on photosynthesis 
of crop canopy and biomass production.
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