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Abstract 
 
Mutants with altered leaf morphology are useful as markers for the study of genetic systems and for probing the leaf 
differentiation process. One such mutant with deficient greening and altered development of the leaf mesophyll appeared 
in an inbred line of sunflower (Helianthus annuus L.). The objectives of the present study were to determine the 
inheritance of the mutant leaf trait and its morphological characterisation. The mutation, named mesophyll cell defective1 
(mcd1), has pleiotropic effects and it is inherited as a monogenic recessive. The structure and tissue organization of mcd1 
leaves are disrupted. In mcd1 leaves, the mesophyll has prominent intercellular spaces, and palisade and spongy tissues 
are not properly shaped. The mutant palisade cells also appear to be more vacuolated and with a reduced number of 
chloroplasts than the wild type leaves of equivalent developmental stage. The lamina thickness of mcd1 leaves is greatly 
variable and in some areas no mesophyll cells are present between the adaxial and abaxial epidermis. The leaf area of the 
mcd1 mutant is extremely reduced as well as the stem height. A deficient accumulation of photosynthetic pigments 
characterizes both cotyledons and leaves of the mutant. In mcd1 leaves, chlorophyll (Chl) fluorescence imaging 
evidences a spatial heterogeneity of leaf photosynthetic performance. Little black points, which correspond to photo-
system II (PSII) maximum efficiency (Fv/Fm) values close to zero, characterize the mcd1 leaves. Similarly, the light-
adapted quantum efficiency (ΦPSII) values show a homogeneous distribution over wild type leaf lamina, while the 
damaged areas in mcd1 leaves, represented by yellow zones, are prominent. In conclusion, the loss of function of the 
MCD1 gene in Helianthus annuus is correlated with a variegated leaf phenotype characterized by a localized destruction 
of mesophyll morphogenesis and defeat of PSII activity. 
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Introduction 
 
Leaves development initiates by recruitment of cells from 
the flanks of shoot meristems (Sinha 1999, Byrne 2005, 
Fleming 2005). Cells in the different meristematic layers 
undergo rounds of coordinated cell division to form  
a primordium. Cells on the flanks of this primordium in 
turn undergo rounds of cell division and expansion to 
form the lamina. The shape, size, and growth of leaves 
depend on the coordination of several processes, such as 
cell division, expansion, and differentiation (Tsukaya 
2006). Leaves are not generated in a random fashion, but 

rather in a consistent pattern over space and time, 
producing the regular architecture of the plant (Fleming 
2005, Reinhardt 2005, Smith et al. 2006). 

In most angiosperms, a newly formed primordium 
undergoes lateral growth (i.e. becomes flatter) and growth 
along the proximal-distal axis (i.e. becomes longer).  
The phase of lateral growth results from dorsoventral 
(adaxial-abaxial) patterning events that occur during the 
earliest stages of leaf development (Waites and Hudson 
1995, Eshed et al. 2004, Byrne 2005, Fleming 2005).  
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The molecular mechanism underlying the spatially 
separated acquisition of adaxial and abaxial fate is still 
being explored, but a process of intercellular commu-
nication coupled to transcription factor patterning has 
been elucidated (Waites and Hudson 1995, McConnell 
and Barton 1998, McConnell et al. 2001). Small RNAs 
have been found also to play a crucial role in this process 
and specify mutually antagonistic fates (reviewed in 
Chitwood et al. 2007). Subsequent to events that direct 
leaf polarity, the control of final leaf shape and size 
continues by coordinated regulation of cell division and 
expansion along the length and width of the leaf. 
Cessation of cell division and differentiation proceeds 
along the proximodistal plane from leaf tip to base. In the 
dorsoventral plane, continued divisions in the adaxial 
mesophyll differentiate a thicker cuticle and a densely 
packed layer of palisade cells, from the abaxial spongy 
mesophyll (Tsukaya 2006). 

Mutations that disrupt the cellular environments of 
mesophyll cells may provide useful tools for probing 
either the leaf development or/and the photosynthetic 
processes (Roth et al. 1996, Brutnell et al. 1999, Asano  
et al. 2004, Janošević et al. 2007, Covshoff et al. 2008). 

Chl fluorescence imaging represents a non-invasive 
and quantitative tool by which it is possible to determine  
 

localized changes in the photosynthetic process (Baker 
2008). The light energy absorbed by antennae systems 
has three possible fates: it can be utilized to drive the 
photosynthetic process after transfer to reaction centres, it 
can be dissipated by non-photochemical pathways and, in 
particular, as heat in the light-harvesting antennae, or re-
emitted as fluorescence characterized by a longer wave-
length than the incident light. The analysis of Chl fluores-
cence during the photosynthetic induction and under 
different illumination permits to determine numerous 
parameters as Fv/Fm, the proportion of absorbed light 
which is utilized for photosynthetic electron transport 
ΦPSII or the coefficient qNP, which estimates the amount 
of energy dissipated nonphotochemically as heat 
(Maxwell and Johnson 2000). 

In this study we investigated the inheritance of a new 
spontaneous mutant of sunflower characterized by  
a disruption of the leaf mesophyll and for this reason 
named mesophyll cell defective1(mcd1). A histological 
analysis of leaves is presented. The pleiotropic effect of 
the mcd1 mutation on morphological characters and 
pigment accumulation is also presented. Finally, we 
examined the physiological effect of this mutation on 
photosynthesis efficiency by monitoring Chl fluorescence 
imaging. 

Materials and methods 
 
Plant material and inheritance study: Fifty-three 
stunted plants characterized by altered leaf morphology, 
and a chlorotic aspect were identified in a progeny of 210 
plants of the sunflower (Helianthus annuus L.) inbred 
line AC53 field-grown (Department of Crop Plant 
Biology of the University of Pisa, Pisa, Italy). It is likely 
that this segregating progeny was originated by a selfed 
plant heterozygous for a spontaneous recessive mutation. 
This mutant mcd1 differentiated a small inflorescence and 
produced few seeds. No segregation was observed within 
progenies obtained from seeds produced by mutant 
plants. For  
the genetic analysis, flowers of mutants were hand-
emasculated and pollinated with wild type pollen to 
obtain the F1 generation. F1 plants were self-fertilized and 
the F2 generation was obtained. Plants were classified in 
all population into mutant or normal types. Intermediate 
type was never observed. Chi-square test was used for 
testing the goodness-of-fit of observed and expected 
frequencies of different phenotypic classes in the F2 
generation. F2 progenies were pooled after the chi-square 
test for heterogeneity (Snadecor 1956). 

 
Plant growth conditions: Plants used to carry out the 
morphological and pigment analyses were cultivated 
under field conditions as described in Fambrini et al. 
(2006). Briefly, mutant and wild type plants were grown 
in 50-cm inter-row spacing with 25–30 cm between 
plants. Cotyledons and leaves collected for histological 

analysis were obtained in growth chamber from seedlings 
and plants, respectively. The temperature was 25 ± 1°C 
while the daily photoperiod was 16 h of light and 8 h of 
dark. Irradiation was set at 165 μmol m–2 s–1 (photosyn-
thetic photon flux density, PPFD) with a mixture of cool-
white fluorescent (TLD 30W/33, Philips, Eindhoven, The 
Netherlands) and mercury-vapour (HPI-T 400W, Philips, 
Eindhoven, The Netherlands) lamps. 

 
Morphological analysis: Phenotypic observations were 
made on both mutant and wild type of randomly selected 
plants (n = 10) of progenies, this in three replicate. Most 
of morphological parameters were recorded at the onset 
of anthesis. By contrast, the inflorescence diameter was 
evaluated at the end of flowering. Anthesis of the first 
tubular flower was recorded to determine the blooming 
date. Length and width of leaves from 4th to 6th node were 
measured. Stem height was measured from the insertion 
of cotyledons to the inflorescence receptacle. 

 
Pigment analysis: Pigments were extracted by tissue 
homogenization in 100% acetone from cotyledons of 7-
day-old plants and from leaves (4th and 5th nodes) of 30-
day-old plants of wild type and mutant as previously 
described (Fambrini et al. 2004). Spectrophotometric 
analysis was performed using an UV-VIS Scanning 
Spectrophotometer (UV-2101PC, Shimadzu Italia, Milan, 
Italy). The concentrations of chlorophyll a (Chl a), 
chlorophyll b (Chl b), total chlorophyll [Chl (a + b)] and 
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of total carotenoids (Car) were calculated according to 
the equations (Lichtenthaler, 1987): 

Chl a = (11.24 × A661.6) – (2.04 × A644.8)                  (1) 
Chl b = (20.13 × A644.8) – (4.19 × A661.6)                  (2) 
Chl (a + b) = (7.05 × A661.6) + (18.09 × A644.8)         (3) 
Car = (1000 A470 – 1.90 Chl a – 63.14 Chl b)/214    (4) 

where A is the absorbance measurement determined at 
661.6, 644.8 and 470 nm. Eight extracts were made for 
each genotype, and two measurements were made per 
extract. 

 
Histological analysis: Cotyledons from 7-day-old wild 
type and mutant seedlings grown in the dark or under a 
16-h photoperiod were collected. Samples were fixed for 
24 h in formaldehyde/glacial acetic acid/ethanol/distilled 
water (10:5:50:35 v/v) at room temperature before being 
transferred into 70% ethanol (Fambrini et al. 2006). 
Water was removed by graded ethanol series while the 
dehydrated material was cleared in xylene with 5 steps 
according to Ruzin (1999). Paraffin-embedded tissues 
were sectioned using a rotary microtome (Reichert, 
Vienna, Austria). The serial transverse sections obtained 
(8 μm thick) were stained with a solution containing 
alcian blue 8GX, bismarck brown Y and safranin O 
according to Graham and Trentham (1998). Results were 
observed with a light microscope (DMRB, Leica, 
Wetzlar, Germany) and a selection of digital images was 
recorded with a camera unit (PowerShot A590 IS, Canon, 
Tokyo, Japan). 

 
Chl fluorescence imaging: Leaves from 4th and 5th nodes 
of 30-day-old wild type and mcd1 mutant plants grown 
under a 16-h photoperiod in a growth chamber at 25 ± 
1°C were used for Chl fluorescence analysis. Irradiation 
(165 μmol m–2 s–1 PPFD) was provided as above 
described. The imaging technique was performed by  
a Chl fluorescence imaging system (IMAGING-PAM, 
Walz, Effeltrich, Germany). Details of the capture of Chl  
 

fluorescence imaging are reported by Guidi et al. (2007). 
The current fluorescence yield (Ft) was continuously 
measured and the F0 images were recorded in a quasi-
dark state. The maximum fluorescence yield (Fm) was 
determined with a saturating pulse of 8,000 µmol m–2s–1 
PPFD for 1–2 s. The images of F0 and Fm were subtracted 
and divided [(Fm – F0)/Fm] to generate the image of Fv/Fm. 
The Ft and the maximum light adapted fluorescence (Fm’) 
were determined in the presence of an actinic illumina-
tion of 400 µmol m–2 s–1 PPFD, then ΦPSII was computed 
as the quotient (Fm’ – Ft)/Fm’ (Genty et al. 1989). 
Nonphotochemical quenching [qNP = (Fm – Fm’)/(Fm – 
F0’)] was calculated according to Schreiber et al. (1994). 
Correct F0’ determinations require the application of a far 
red light, which would disturb the fluorescence imaging. 
Therefore, instead of measuring, F0’ was estimated  
using the approximation of Oxborough and Baker (1997) 
[F0’ = F0/(Fv/Fm + F0/Fm)]. Images of the fluorescence 
parameters were displayed by means of a false colour 
code ranging from 0.00 (black) to 1.00 (purple). Single 
leaflets in triplicate for each genotype were used for the 
analyses. In every leaflet analysed, an internal square 
portion of the lamina was chosen and, inside it, the value 
of each single parameter was measured in different points 
and an average value was calculated. The area, the 
position and the number of points were the same in all the 
leaflets analysed. The apparent rates of photosynthetic 
electron transport (ETR) were estimated as: ETR = 
(ΦPSII) × 0.5 × PFD × 0.8, where 0.5 accounts for the 
excitation of both PSII and PSI and 0.8 represents the 
average value for leaf absorptance. To determine the 
response of ETR, ΦPSII and qNP to increasing light 
intensity, leaves were adapted for the specific light level 
for 10 min. 

 
Statistical analysis: Differences between means were 
tested using the Student t-test (p = 0.05 or 0.01). In 
addition, regression analysis was carried out for 
experiments shown in Fig. 5. 

Results and discussion 
 
The most obvious alterations in growth and development 
of the mcd1 mutant were the stunted growth, the deficient 
greening of leaves, and the aberrant development of both 
cotyledons and leaves (Figs. 1–3). Most of mcd1 seeds 
germinated normally but the expansion of the cotyledons, 
which showed ample necrotic areas, was slower as com-
pared to the wild type (Fig. 1A,B). In cotyledons, the 
incidence of cell disruption was related to light. In fact, 
histological examination of seedlings grown in the dark 
for two weeks revealed no differences between mcd1 and 
wild-type cotyledons (data not shown). By contrast, in 
light-grown seedlings, the cotyledon adaxial surface 
(compare Fig. 2A with Fig. 2C) and the cotyledon tips 
(compare Fig. 2B with Fig. 2D) of mcd1 mutant 

displayed an abnormal enlargement of mesophyll cells 
(Fig. 2C) and a collapse of both epidermis and mesophyll 
cells (Fig. 2C,D). Necrotic areas were also observed at 
the leaf tip of the first true leaves of mcd1 (Fig. 1B), 
whereas in leaves of other nodes several areas character-
ized by deficient mesophyll development and very light 
green color were spotted on the whole lamina  
(Fig. 1F,G). Despite this phenotype, as observed in the 
reticulate mutants of Arabidopsis thaliana (González-
Bayón et al. 2006), the overall leaf shape was maintained 
in the mcd1 mutant (Fig. 1F,G). In contrast to wild-type 
plants, a severe reduction in plant size was observed for 
mcd1 plants during every developmental stage (Fig. 1A–D). 

Histological analysis revealed that the internal  
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Fig. 1. Developmental phenotype of the mesophyll 
cell defective1(mcd1) mutant of sunflower 
(Helianthus annuus L.). A: 7-day-old seedlings of 
wild type (bottom) and mcd1 mutant; note the 
reduced dimension as well as the necrotic areas on 
cotyledons of mcd1 mutant. B: mcd1 mutant 
showing necrotic areas (arrows) on cotyledons and 
leaf tips. C: 20-day-old plants of wild type and mcd1
mutant (arrow). D: A 30-day-old mcd1 plant in the 
field. E: Inflorescence of the mcd1 mutant at the 
onset of anthesis. F–G: Expanded leaves of mcd1
(F) and wild type (G) plants; in the mutant, areas 
with disrupted mesophyll are evident as transparent 
sectors. Bars – A: 16 mm; B, G: 14 mm; C: 27 mm; 
D, E: 26 mm; E: 20 mm; F: 10 mm. 

 
 
 
 
 
 
 
 
Fig. 2. Developmental phenotype of the mesophyll 
cell defective1(mcd1) mutant of sunflower 
(Helianthus annuus L.). Transverse sections of wild 
type (A,B) and mcd1 (C,D) cotyledons of 7-day-old 
seedlings. Sections were stained with a solution 
containing alcian blue 8GX, bismarck brown Y and 
safranin O. Arrows indicate cell disruption on the 
adaxial surface. ad = adaxial; ab = abaxial. Bars –
A, C: 360 μm; B, D: 300 μm. 

 
structure and tissue organization of mcd1 leaves was 
dramatically affected (Fig. 3A–F). The lamina thickness 
was variable (Fig. 3C), and although regions of mcd1 
leaves displayed a near normal phenotype (Fig. 3D), most 
areas of mcd1 leaves had prominent intercellular spaces 
lacking in palisade and spongy tissue differentiation 
(Fig. 3C,E,F). Notably, palisade cells in wild type 
(Fig. 3B) and near normal leaf sectors of mcd1 (Fig. 3D) 
leaves were dorsoventrally elongated, whereas those in 
highly modified mcd1 leaves showed a spherical rather 
than a columellar shape (Fig. 3E,F). It is likely that 

normal elongation of palisade mesophyll cells during leaf 
development was also disrupted. A reduced number of 
chloroplasts characterized the palisade and spongy cells 
of more altered regions of mcd1 leaves (Fig. 3E,F). The 
mutant palisade cells also appeared more vacuolated that 
in the wild-type sections of equivalent developmental 
stage (compare Fig. 3B with Fig. 3E–F). In some areas of 
mcd1 leaves no mesophyll cells were present between the 
adaxial and abaxial epidermis (Fig. 3E), suggesting that 
in mcd1 leaves the proliferation of mesophyll cells was 
partially suppressed, or that an unusual cell death was  
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Fig. 3. Developmental phenotype of the mesophyll 
cell defective1 (mcd1) mutant of sunflower 
(Helianthus annuus L.). Transverse sections of wild 
type (A,B) and mcd1 (C–F) leaves of 30-day-old 
plants. Sections were stained with a solution con-
taining alcian blue 8GX, bismarck brown Y and 
safranin O. ad = adaxial; ab = abaxial. The black 
arrow in E indicates a region without mesophyll. 
The yellow arrows in E and F indicate mesophyll 
cells with few chloroplasts. Bars – A: 215 μm; 
B,E,F: 60 μm; C: 175 μm; D: 45 μm. 

 
Table 1. Effects of the mesophyll cell-defective (mcd1) mutation 
on some morphological characters of sunflower (Helianthus 
annuus L.) plants grown in field conditions. Leaf width and 
length were evaluated in expanded leaves from 4th to 6th node. 
The inflorescence diameter was evaluated at the end of 
flowering. Values are means (± SD) from three progenies, with 
ten replicates each (plants). **p<0.01; n.s. – not significant 
(Student’s t-test). 
 

Parameter wild type mcd1 

Number of leaves 25.42 ± 2.89 22.70 ± 2.67 n.s.

Leaf width [mm] 185.2 ± 31.2 45.3 ± 9.1** 
Leaf length [mm] 193.7 ± 24.8 63.2 ± 11.5** 
Total leaf area [m2] 0.534 ± 0.026 0.026 ± 0.011**

Stem height [mm] 840.7 ± 149.9 312.9 ± 124.6**

Stem diameter [mm] 19.1 ± 3.4 5.2 ± 1.3** 
Inflorescence diameter [mm] 136.8 ± 30.2 34.2 ± 9.7** 
Onset of flowering [d] 64.09 ± 2.91 74.11 ± 1.90** 
Number of ray flowers 51.65 ± 4.07 30.67 ± 3.54** 

 
active in the mutant. The mcd1 mutation also affected the 
layered arrangement of mesophyll tissue because a clear 
distinction between palisade and spongy layer was 
misplaced in the thinner sectors (compare Fig. 3A,B with 
Fig. 3E,F). 

Sometimes the destruction of genes (i.e. DAG, 
PLASTID PROTEIN IMPORT2, HANDSHAKE) involved 
in leaf developmental anatomy shows also pleiotropic 
effects (Chatterjee et al. 1996, Asano et al. 2004, 
Janošević et al. 2007). The leaf area of the mcd1 mutant 
was extremely reduced as well as height and stem 
diameter. Also mcd1 plants showed a delay in the onset 
of flowering as compared to the wild type (Table 1). By 
contrast, the leaf number in the mcd1 mutant (Table 1) as 
well as the phyllotactic pattern showed no defect with 
respect to normal plants (data not shown). The small 
mcd1 inflorescences differentiated fewer ray and disk 
flowers (Fig. 1E, Table 1), but ovules and pollen were 
fertile and seeds were produced. 

In contrast to wild-type leaves that were dark green in 
color, the mcd1 leaves showed a much lighter color 
(Fig. 1B–E). The chlorotic phenotype of mcd1 plants was 
due to a reduction of total Chl a, Chl b and Car in both 
cotyledons and leaves (Table 2); mcd1 leaves also 
displayed a reduced Chl a/Chl b ratio with respect to the 
wild type. 

The F1 plants obtained from the cross of the mcd1 
mutant with its wild type were normal indicating that the 
mutant character is recessive to normal (Table 3). Four 
progenies of the F2 generation were used, and a total  
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Table 2. Effects of the mesophyll cell-defective (mcd1) mutation of sunflower (Helianthus annuus L.) on cotyledon and leaf pigment 
content. Values are means (± SD) from two independent experiments, with eight replicates each (cotyledon or leaf). *p < 0.05;  
**p < 0.01; n.s. – not significant (Student’s t-test). The statistical analysis in cotyledons and leaves was done separately.  
Car – carotenoid; Chl – chlorophyll. 
 

 Cotyledon  Leaf  
Pigment [μg mm–2] wild type mcd1 wild type mcd1 

Chl a 2939.7 ± 359.7 1781.6 ± 356.3** 3823.8 ± 276.9 1309.1 ± 43.4** 
Chl b   945.9 ± 93.4   658.8 ± 81.4** 1275.1 ± 88.4   656.1 ± 17.6** 
Total Chl (a + b) 4068.1 ± 463.6 2574.7 ± 429.1** 5099 ± 364.6 1965.2 ± 40.8** 
Total Car   804.8 ± 101.6   600.6 ± 66.7* 1108 ± 76.4   450.6 ± 33.8 ** 
Chl (a + b)/Car 5.128 ± 0.114 4.604 ± 0.341* 4.604 ± 0.196 4.455 ± 0.316n.s. 
Chl a/b 3.127 ± 0.126 2.731 ± 0.381n.s. 2.998 ± 0.037 1.997 ± 0.098 ** 

 
Table 3. Inheritance of the mesophyll cell-defective1 (mcd1) mutation in sunflower (Helianthus annuus). Summary of chi-squares for 
the F2 generation (3: 1 segregation) and chi-square test of heterogeneity among F2 progenies. 
 

   No. of plants Heterogeneity 
Cross Generation No. of progenies Normal Mutant χ2 (3:1) P χ2 (3:1) P 

Mutant × Normal F1 2 26 – – – – – 
Mutant × Normal F2 4 701 237 0.0355 0.80–0.90 0.9758 0.80–0.90

 

 
 
Fig. 4. Analysis of chlorophyll fluorescence parameters in wild 
type (wt) and mesophyll cell defective1 (mcd1) mutant plants of 
sunflower (Helianthus annuus L.). A–C: Fluorescence images of 
the maximum efficiency of PSII (Fv/Fm; A), the proportion of 
absorbed light, which is utilised for photosynthetic electron 
transport (ΦPSII; B), and the nonphotochemical quenching 
coefficient (qNP; C), in representative leaves from wild type (left 
column) and mcd1 mutant (right column), are shown. 
 
of 938 plants were observed. The pooled F2 population fit 
a monogenic ratio of 3 normal: 1 mutant plant (χ2 = 
0.0355, P>0.80). The test for heterogeneity showed no 
significant variation in the segregation of characters 
among the individual F2 populations (χ2 = 0.9758, 

P>0.80). The mcd1 defect therefore results from  
a recessive mutation in a single nuclear gene locus. 

In addition to an aberrant leaf anatomy, mesophyll 
cell defective mutants are severely compromised in 
establishing photoautotrophic growth (Covshoff et al. 
2008). For instance, bundle sheath defective2 (bsd2) 
seedlings do not accumulate Rubisco (Roth et al. 1996, 
Brutnell et al. 1999) and lack a functional Calvin cycle 
(Smith et al. 1998). Mesophyll cell defective mutants that 
lack PSII are unable to generate electron flow and likely 
result in overly oxidized linear photosynthetic electron 
transport chains. Imaging Chl fluorescence is a 
noninvasive and quantitative tool by which it is possible 
to determine localized changes in the photosynthetic 
process (Buschmann et al. 2000, Oxborough 2004, Baker 
2008). This is particularly the case when leaves are 
characterised by a significant surface heterogeneity of 
Chl fluorescence emission. In Fig. 4A, images of Fv/Fm in 
wild type and mcd1 leaves after dark adaptation are 
shown. In wild type, Fv/Fm values were homogeneous. By 
contrast, in Chl fluorescence images of mcd1 leaves, little 
black points, which correspond to values of Fv/Fm close to 
zero, were evidenced. More obvious differences between 
wild type and mcd1 leaves were displayed in illuminated 
leaves. The values of ΦPSII showed a considerable 
homogeneous distribution over wild-type leaf lamina, 
while the damaged areas in mcd1 leaves, represented by 
yellow zones in Chl fluorescence images, were 
significantly prominent (Fig. 4B). By contrast, no 
significant differences were detected for the qNP 
coefficient (Fig. 4C). 

In Fig. 5, the changes in fluorescence parameters in 
the last saturating pulse of the kinetic fluorescence 
induction with respect to different intensities of actinic  
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Fig. 5. Effect of light intensity on the relationship among ΦPSII 
(A), ETR (B) and qNP (C) in wild type (wt) leaves (closed circle) 
and mesophyll cell defective1 (mcd1) mutant leaves (open 
circle) of sunflower (Helianthus annuus L.). Bars indicate SD 
(n = 6). The equations of the regression lines for the wt (solid 
line) and mcd1 mutant (dashed line) are the following:  
(A) y = 0.64 – 0.001 x + 0.0000008 x2 (r2 = 0.890) for wt,  
y = 0.64 – 0.001 x + 0.0000009 x2 (r2 = 0.876) for mcd1;  
(B) y = 50 x/(142 + x) (r2 = 0.913) for wt; y = 39 x/(100 + x),  
(r2 = 0.912) for mcd1; (C) y = x/(111 + x) (r2 = 0.946) for wt,  
y = 0.96 x/(101 + x) (r2 = 0.954) for mcd1. 
 
light are shown. The actual photochemical efficiency 
(ΦPSII) experienced a gradual decrease with respect to 
different intensities of actinic light. This parameter 
showed a slight reduction in mcd1 leaves as compared to 
wild type (Fig. 5A). The ETR parameter increased with 
increasing light intensity; even ETR showed lower values 
in mcd1 leaves as compared to the wild type (Fig. 5B). 
The qNP coefficient is considered a good estimate of the  
 

amount of energy dissipated non-radiatively by plants 
(Baker 2008). It increased markedly with larger light 
intensities of actinic light. The values of qNP were similar 
in wild type and mutant leaves (Fig. 5C). 

Heterogeneity of images in the mutant suggested that 
pigment composition and concentration as well as 
stomatal function undoubtedly differed in cells from 
different regions of the leaf, contributing to leaf spatial 
differences in photochemical activity (Chaerle et al. 
2003). However, in the mutant, areas that were not 
chlorotic showed higher values of ΦPSII indicating that  
a higher percentage of the absorbed quanta was converted 
into chemically fixed energy by photochemical charge 
separation at PSII reaction centres. In conclusion, 
damaged areas of mcd1 leaves were not able to carry out 
electron transport rate while no alterations were observed 
in the other portions of the leaf lamina. 

The mcd1 mutant characterized in this study is 
apparently different from other leaf mutants described in 
sunflower elsewhere (Luczkiewicz 1975, Pugliesi et al. 
1995, Jambhulkar and Joshua 1999). The spotted 
distribution of leaf chlorotic areas is a common trait of 
variegation mutants (Yu et. al. 2007) and some mutants 
of this type have been isolated and characterized in 
sunflower (Usatov et al. 2004); however, these mutations 
affect plastidial genes and no details about mesophyll 
morphogenesis have been reported. The mcd1 mutation 
causes severe defects in cotyledon and leaf anatomy, a 
pale green phenotype and a stunted growth. In particular, 
the mesophyll of mcd1 leaves contains fewer (if any) 
cells and more intercellular spaces as compared to the 
wild type. The chlorotic phenotype of the mcd1 mutant 
seems to be mainly due to reduced mesophyll cell number 
with few chloroplasts and increased air space. mcd1 
plants also exhibit a spatial heterogeneity of leaf 
photosynthetic performance. The variegated 3 mutant of 
Arabidopsis thaliana displays a phenotype with remark-
able analogies compared to mcd1. The nuclear gene 
VARIEGATED 3 (VAR3) encodes a novel zinc-finger 
protein required for both chloroplast development and 
palisade cell morphogenesis (Næsted et al. 2004). At the 
moment, the molecular nature of the mcd1 mutation is 
unknown but the functional classes of VAR3 and MCD1 
genes are probably closely related. 

References 
 
Asano, T., Yoshioka, Y., Machida, Y.: A defect in atToc159 of 

Arabidopsis thaliana causes severe defects in leaf 
development. – Genes Genet. Syst. 79: 207-212, 2004. 

Baker, N.R.: Chlorophyll fluorescence: A probe of photo-
synthesis in vivo. – Annu. Rev. Plant Biol. 59: 89-113, 2008. 

Brutnell, T.P., Sawers, R.J.H., Mant, A., Langdale, J.A.: 
BUNDLE SHEATH DEFECTIVE2, a novel protein required 
for post-translational regulation of the rbcL gene of maize. – 
Plant Cell 11: 849-864, 1999. 

Buschmann, C., Langsdorf, G., Lichtenthaler, H.K.: Imaging of  
 

the blue, green and red fluorescence emission of plants: An 
overview. – Photosynthetica 38: 483-491, 2000. 

Byrne, M.E.: Networks in leaf development. – Curr. Opin. Plant 
Biol. 8: 59-66, 2005. 

Chaerle, L., Hulsen, K., Hermans, C., Strasser, R.J., Valcke, R., 
Hofte, M., Van der Straeten, D.: Robotized time-lapse 
imaging to assess in-planta uptake of phenylurea herbicides 
and their microbial degradation. – Physiol. Plant. 118: 613-
619, 2003. 

Chatterjee, M., Sparvoli, S., Edmunds, C., Garosi, P., Findlay, K., 
 



M. FAMBRINI et al. 

142 

Martin, C.: DAG, a gene required for chloroplast diffe-
rentation and palisade development in Antirrhinum majus. – 
EMBO J. 15: 4194-4207, 1996. 

Chitwood, D.H., Guo, M., Nogueira, F.T.S., Timmermans, 
M.C.P.: Establishing leaf polarity: the role of small RNAs and 
positional signals in the shoot apex. – Development 134: 813-
823, 2007. 

Covshoff, S., Majeran, W., Liu, P., Kolkman, J.M., van Wijk, 
K.J., Brutnell, T.P.: Deregulation of maize C4 photosynthetic 
development in a mesophyll cell-defective mutant. – Plant 
Physiol. 146: 1469-1481, 2008. 

Eshed, Y., Izhaki, A., Baum, S.F., Floyd, S.K., Bowman, J.L.: 
Asymmetric leaf development and blade expansion in 
Arabidopsis are mediated by KANADI and YABBY 
activities. – Development 131: 2997-3006, 2004. 

Fambrini, M., Castagna, A., Dalla Vecchia, F., Degl’Innocenti, 
E., Ranieri, A., Vernieri, P., Pardossi, A., Guidi, L., Rascio, 
N., Pugliesi, C.: Characterization of a pigment-deficient 
mutant of sunflower (Helianthus annuus L.) with abnormal 
chloroplast biogenesis, reduced PS II activity and low 
endogenous level of abscisic acid. – Plant Sci. 167: 79-89, 
2004. 

Fambrini, M., Bonsignori, E., Rapparini, F., Cionini, G., 
Michelotti, V., Bertini, D., Baraldi, R., Pugliesi, C.: stem 
fasciated, a recessive mutation in sunflower (Helianthus 
annuus), alters plant morphology and auxin level. – Ann. Bot. 
98: 715-730, 2006. 

Fleming, A.J.: Formation of primordia and phyllotaxy. – Curr. 
Opin. Plant Biol. 8: 53-58, 2005. 

Genty, B., Briantais, J.M., Baker, N.R.: The relationship 
between the quantum yield of photosynthetic electron-trans-
port and quenching of chlorophyll fluorescence. – Biochim. 
Biophys. Acta 990: 87-92, 1989. 

González-Bayón, R., Kinsman, E.A., Quesada, V., Vera, A., 
Robles, P., Ponce, M.R., Pyke, K.A., Micol, J.L.: Mutations in 
the RETICULATA gene dramatically alter internal architecture 
but have little effect on overall organ shape in Arabidopsis 
leaves. – J. Exp. Bot. 57: 3019-3031, 2006. 

Graham, E.T. Trentham, W.R.: Staining paraffin extracted, 
alcohol rinsed and air dried plant tissue with an aqueous mix-
ture of three dyes. – Biotech. Histochem. 73: 178-185, 1998. 

Guidi, L., Mori, S., Degl’Innocenti, E., Pecchia, S.: Effects of 
ozone exposure or fungal pathogen on white lupin leaves as 
determined by imaging of chlorophyll a fluorescence. – Plant. 
Physiol. Biochem. 45: 851-857, 2007. 

Jambhulkar, S.J., Joshua, D.C.: Induction of plant injury, 
chimera, chlorophyll and morphological mutations in sun-
flower using gamma rays. – Helia 31: 63-74, 1999. 

Janošević, D., Uzelac, B., Stojičić, D., Budimir, S.: Develop-
mental anatomy of cotyledons and leaves in has mutant of 
Arabidopsis thaliana. – Protoplasma 231: 7-13, 2007. 

Lichtenthaler, H.K.: Chlorophylls and carotenoids - pigments of 
photosynthetic biomembranes. – In: Colowick, S.P., Kaplan, 
N.O. (ed.): Methods in Enzymology. Vol. 148. Pp. 350-382. 
Academic Press, San Diego – New York – Berkeley – Boston 
– London – Sydney – Tokyo – Toronto 1987. 

Luczkiewicz, T.: Inheritance of some characters and properties 
in sunflower (Helianthus annuus L.). – Genet. Pol. 16: 167-
184, 1975. 

Maxwell, K., Johnson, G.N.: Chlorophyll fluorescence - a 
practical guide. – J. Exp. Bot. 51: 659-668, 2000. 

McConnell, J.R., Barton, M.K.: Leaf polarity and meristem for-
mation in Arabidopsis. – Development 125: 2935-2942, 1998. 

McConnell, J.R., Emery, J., Eshed, Y., Bao, N., Bowman, J., 
Barton, M.K.: Role of PHABULOSA and PHAVOLUTA in 
determining radial patterning in shoots. – Nature 411: 709-
713, 2001. 

Næsted, H., Holm, A., Jenkins, T., Nielsen, H.B., Harris, C.A., 
Beale, M.H., Andersen, M., Mant, A., Scheller, H., Camara, 
B., Mattsson, O., Mundy, J.: Arabidopsis VARIEGATED 3 
encodes a chloroplast-targeted, zinc-finger protein required 
for chloroplast and palisade cell development. – J. Cell Sci. 
117: 4807-4818, 2004. 

Oxborough, K.: Imaging of chlorophyll a fluorescence: 
theoretical and practical aspects of an emerging technique for 
the monitoring of photosynthetic performance. – J. Exp. Bot. 
55: 1195-1205, 2004. 

Oxborough, K., Baker, N.R.: Resolving chlorophyll a fluores-
cence images of photosynthetic efficiency into photochemical 
and non-photochemical components - calculation of qP and 
Fv'/Fm' without measuring Fo'. – Photosynth. Res. 54: 135-
142, 1997. 

Pugliesi, C., Fambrini, M., Barotti, S., Lenzi A., Baroncelli, S.: 
Inheritance of the Basilicum Leaf mutation in sunflower 
(Helianthus annuus L.). – J. Heredity 86: 76-78, 1995. 

Reinhardt, D.: Regulation of phyllotaxis. – Int. J. Dev. Biol. 49: 
539-546, 2005. 

Roth, R., Hall, L.N., Brutnell, T.P., Langdale, J.A.: bundle 
sheath defective2, a mutation that disrupts the coordinated 
development of bundle sheath and mesophyll cells in the 
maize leaf. – Plant Cell 8: 915-927, 1996. 

Ruzin, S.E.: Tissue dehydration. – In: Ruzin, S.E. (ed.): Plant 
Microtechnique and Microscopy. Pp. 57-60. Oxford 
University Press, New York 1999. 

Schreiber, U., Bilger, W., Neubauer, C.: Chlorophyll fluores-
cence as a non intrusive indicator for rapid assessment of in 
vivo photosynthesis. – In: Schulze, E.-D., Caldwell, M.M. 
(ed.): Ecophysiology of Photosynthesis. Pp. 49-70. Springer-
Verlag, Berlin 1994. 

Sinha, N.: Leaf development in angiosperms. – Annu. Rev. 
Plant Physiol. Plant Mol. Biol. 50: 419-446, 1999. 

Smith, L.H., Langadale, J.A., Chollet, R.: A functional Calvin 
cycle is not indispensable for the light activation of C4 
phosphoenolpyruvate carboxylase kinase and its target 
enzyme in the maize mutant bundle sheath defective2-
mutable1. – Plant Physiol. 118: 191-197, 1998. 

Smith, R.S., Guyomarc’h, S., Mandel, T., Reinhardt, D., 
Kuhlemeier, C., Prusinkiewicz, P.: A plausible model of phyl-
lotaxis. – Proc. Natl. Acad. Sci. USA 103: 1301-1306, 2006. 

Snadecor, G.W.: Enumeration data with more than one degree 
of freedom. – In: Snadecor, G.W. (ed.): Statistical Methods. 
Pp. 212-236. Iowa State University Press, Ames, Iowa, 1956. 

Tsukaya, H.: Mechanism of leaf-shape determination. – Annu. 
Rev. Plant Biol. 57: 477-496, 2006. 

Usatov, A.V., Rassadina, V.V., Averina, N.G., Lezhneva, L.A., 
Dudko, Y.S., Mashkina, E.V., Prikhozhenko, E.Y., 
Kolokolova, N.S.: Structural and functional characteristics of 
the mutant plastids from extranuclear variegated forms of 
sunflower. – Russ. J. Plant Physiol. 51: 156-163, 2004. 

Waites, R., Hudson, A.: phantastica - a gene required for 
dorsoventrality of leaves in Antirrhinum majus. – 
Development 121: 2143-2154, 1995. 

Yu, F., Fu, A.G., Aluru, M., Park, S., Xu, Y., Liu, H.Y., Liu, 
X.Y., Foudree, A., Nambogga, M., Rodermel, S.: Variegation 
mutants and mechanisms of chloroplast biogenesis. – Plant 
Cell Environ. 30: 350-365, 2007. 

 
 
10 
 




