
Growth habit and photosynthetic activity

of shoot cultures of Medicago sativa L. transformed

with the oryzacystatin II gene

Abstract

Background and Purpose: Introduction of a foreign gene into plant ge-
nome may induce morphological and physiological alterations in transgenic
plants. The purpose of this study was to assess the impact of gene introduc-
tion on morphology and photosynthetic activity of two transgenic alfalfa
shoot cultures.

Material and Methods: In vitro maintained shoot cultures of alfalfa
(Medicago sativa L. cv. Zaje~arska 83) that were transformed with the
oryzacystatin II (OC-II) gene and propagated on growth regulator-free me-
dium were subjected to analysis of morphological characteristics and photo-
synthetic activity. For analysis of morphological characteristics, the length
of the main axis, the number of axillary and adventitious shoots, total number
of leaves and the number of senesced leaves as well as plant dry mass were
determined. Net photosynthetic rate was determined as CO2 influx using a
LI-6200 closed photosynthesis system. Photosynthetic function was assessed
as the rate of basic chlorophyll fluorescence and determined with a Plant
Stress Meter by method of induced fluorometry. Chlorophyll content in leaf
samples was determined spectrophotometrically.

Results: The most striking feature of transformed cultures was reduced
apical dominance and the absence of adventitious roots. In comparison with
control, main axis length was also reduced. In addition, a general decrease in
photosynthesis in transgenic shoots was also observed.

Conclusion: Both morphology and the key processes in photosynthesis
were modified in transgenic shoots. However, the fact that transgenic plants
carry a gene that confers pest resistance gives potential agronomic value to at
least some of the clones whose morphological characteristics and photosyn-
thetic acivity were minimally disturbed.

INTRODUCTION

The production of transgenic plants involves the delivery of a foreign
gene of interest and a selectable marker gene that usually encodes ei-

ther herbicide tolerance or, more often, resistance to antibiotics. How-
ever, introduction of such single-gene traits may produce more complex
agronomic traits such as altered growth habit and photosynthetic activity
(1). Therefore, a thorough evaluation of whole plant physiology and per-
formance should always be considered to exclude possible negative inter-
actions with endogenous plant components or the occurrence of unusual
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phenotypes created either by introduction of the transgene
into plant genome (position effects) or its expression.

Alfalfa (Medicago sativa L.) is an important forage le-
gume that is widely grown in a number of regions throug-
hout the world because of its ability to fix atmospheric ni-
trogen and its high protein content. Molecular breeding
of alfalfa, as well as other Medicago species, can be en-
hanced through the application of transgenesis. Ory-
zacystatin II (OC-II) is a cysteine proteinase inhibitor
from rice in the phytocystatin family of proteinase inhib-
itors. Phytocystatins are found in a number of plants
where they may play a role in defense against pathogens
and pests. OC-II gene under the regulation of a wound-
inducible promoter was introduced into alfalfa in order
to increase its resistance to Phytodecta fornicata Brügge-
mann, the field pest that causes serious crop/economical
losses in the Balkan peninsula of Europe (2).

Given that photosynthetic pigments have the primary
role in the process of photosynthesis, their qualitative
and quantitative analyses are frequently carried out in
physiological research. Total amount of chlorophyll is a
commonly used parameter when comparing plants that
differ in their metabolic activities. The relative ratio of
Chl a/b changes with leaf stress and growth conditions
and reflects the relative contents of photosystem I. As cri-
teria for the state of photosynthetic apparatus, the rate of
CO2 assimilation and prompt chlorophyll fluorescence
parameters were used. Chlorophyll fluorescence from
intact leaves proved to be a reliable, non-invasive method
for monitoring photosynthetic events and for judging the
physiological status of the plant (3). The ratio of variable
(Fv) to maximum (Fm) fluorescence is an important pa-
rameter used to assess the physiological state of photo-
synthetic apparatus. It represents the maximum quantum
yield of primary photochemical reaction of photosystem
II (PSII). Environmental stresses that affect PSII effi-
ciency are known to provoke a characteristic decrease in
the Fv/Fm ratio (4). In plants grown in vitro where envi-
ronmental conditions are generally not considered stress-
ful, alterations in ecophysiological performance are as-
sumed to be a consequence of metabolic changes caused
by the insertion of a foreign gene(s) into plant genome.

Demand for producing increased yields by the use of
transgenic crops is determined by ever-increasing world
human population. Therefore, analysis of plant growth
parameters and net photosynthesis in transgenics while
still in in vitro conditions can serve as a useful tool for an
early selection of transformed clones with improved ag-
ronomic characteristics. The present study was under-
taken in order to assess the impact of gene introduction
on morphology and photosynthetic activity of two inde-
pendently transformed alfalfa shoot cultures.

MATERIAL AND METHODS

Shoot cultures of alfalfa (Medicago sativa L. cv. Zaje-
~arska 83) designated as OC-II-1, OC-II-16 and C-3
were used in this study. C-3 was a nontransformed con-
trol shoot culture. OC-II-1 and OC-II-16 were trans-

formed with Agrobacterium tumefacines strain EHA101
carrying the binary vector pGV-OC-II that contains the
OC-II (oryzacystatin II) gene under the control of pin2p
promoter (5). Single somatic embryos at the cotyledon-
ary stage, initially obtained from immature zygotic em-
bryos that were propagated by recurrent embryogenesis
in culture for 3 years were used for transformation. Inoc-
ulation methods and establishment of axenic transform-
ed embryogenic cultures were as described by Ninkovi}
et al. (6) and Uzelac et al. (7). Plantlets that regenerated
from the control and transformed single somatic em-
bryos were used to establish shoot cultures. Shoot cul-
tures were maintained on Murashige and Skoog (8) me-
dium supplemented with 3% sucrose and solidified with
0.6% agar (Torlak, Belgrade, Serbia). The cultures were
grown in a temperature controlled chamber at 25 ± 2 °C
under a 16-h photoperiod. Photosynthetic photon flux
density of 31 mmol m–2 s–1 was provided by white fluores-
cent tubes (Tesla, Pan~evo, Serbia, 65 W, 4500 K). Shoot
cultures were subcultured to fresh media every 60 days.

For analysis of morphological characteristics, the length
of the main axis as well as the number of both axillary
and adventitious shoots, total number of leaves and the
number of senesced leaves were determined 60 days after
transfer to fresh media. Subsequently, plant material was
oven-dried at 75 °C until reaching the constant mass and
then weighed.

Net photosynthetic rate was determined as CO2 influx
using a LI-6200 closed photosynthesis system (Li-Cor Inc.
Lincoln, Nebraska, USA). Measurements were conducted
with leaf chamber CO2 concentration of 350 ppm, at the
chamber temperature of 20 °C, relative humidity of 55%,
and photosynthetic photon flux density above 850 mmol
photons m–2 s–1. Eight shoots of each culture were sub-
jected to CO2 exchange measurements. Averaged value of
five measurements per plant made evenly over 5 min was
taken as a final value for leaf CO2 exchange per shoot. Net
photosynthetic rate is expressed on the leaf area basis that
was detected using the »Areameter« software (9).

Photosynthetic function was assessed as the rate of ba-
sic chlorophyll (Chl) fluorescence, i.e. the ratio of variable
to maximum fluorescence (Fv/Fm) from a dark-adapted
leaf (covered with non-transparent plastic bag for 20
min). Steady state fluorescence was determined with a
Plant Stress Meter (Polartech, Umea, Sweden), by the
method of induced fluorometry (10). Leaves were illu-
minated with low saturating light (100 mmol m–2 s–1) for
2 s, after having been in darkness for at least 20 min.

The same leaf samples which were subjected to fluo-
rescence measurements were incubated with dimethyl
sulfoxide at 65 °C for at least 2 h until the complete disco-
loring of the leaf tissue (11). Chl content in the extract was
determined using spectrophotometer Shimadzu UV-160
(Shimadzu, Japan), by the method of Arnon (12).

Break-down one way ANOVA (Statistica for Win-
dows) was used to compare differences among analyzed
clones for all investigated parameters at the 0.05 level of
significance.
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RESULTS AND DISCUSSION

Significant differences in morphological characteris-
tics among the analyzed shoot cultures were observed
(Table 1). In control non-transformed cultures (C-3), the
main shoot axis, with elongated internodes, developed
axillary shoots that were also mostly elongated. Adventi-
tious shoots of variable length and mostly with short
internodes were induced from the compact whitish callus
formed at the base of the main axis. While non-trans-
formed shoots had a growth habit similar to the field grown
individuals, transformed shoots OC-II-1 and OC-II-16
had somewhat altered growth habit. Transgenic cultures
had bushy phenotype, with reduced shoot height (Table 1)
and internode length (data not shown) when compared
with control non-transformed clone. OC-II-1 shoots were
similar to control, only somewhat shorter, while the length
of OC-II-16 shoots was conspicuously smaller (Table 1).
Taking into account that the total plant biomass did not
differ significantly among the cultures, such short stem
phenotype with higher leaf area, particularly in clone
OC-II-16, may be advantageous since much of the in-
crease in yields can be achieved by decreased stem elon-
gation. Van der Vyver et al. (13) observed similar decrease
in stem elongation in transgenic tobacco plants expressing
OC-I gene. When grown at a relatively low light inten-
sity, OC-I expressing lines were smaller with fewer ex-
panded leaves when compared not only to non-trans-
formed control plants, but also to empty vector controls.
This indicated that phenotypic differences were linked to

OC-I expression and were not due to somaclonal varia-
tion consecutive to the transformation or tissue culture
processes. On the other hand, Gutierrez-Campos et al.
(14) demonstrated that transgenic tobacco plants over-
expressing OC-I gene showed increased height, growth
rate and dry weight.

Apart from the length and branching of the main axis,
other morphological characteristics such as the total num-
ber of leaves and the number of senesced leaves also varied
significantly between transformed and control cultures,
as well as between two transformed clones (Table 1). In
comparison to control and OC-II-16 shoots, which had
intensively green leaves, OC-II-1 had considerably greater
number of leaves, but many of which were senescent.

Control shoots developed numerous adventitious roots,
the average length of the longest among them being 11.8
cm. The most striking feature of analyzed transformed
shoots was the absence of adventitious roots, which is a
very unfavorable trait from the viewpoint of plant min-
eral nutrition. In addition, good rooting efficiency, which
improves water uptake during early acclimatization lead-
ing to rapid plantlet growth, is an important factor that
governs the efficiency of transgenic plant recovery (15).

In non-transformed cultures, net CO2 assimilation
rate (A) was lowered, while participation of Chl b in total
Chl amount was increased when compared to available
data regarding greenhouse or the field-grown plants (16,
17). Photosynthetic rate and consequent biomass pro-
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TABLE 1

Plant growth parameters of control, non-transformed (C-3) and transformed (OC-II-1 and OC-II-16) alfalfa shoots after 8

weeks in culture. Results are given as means ± SD of six replicates.

Main axis
length (cm)

No. of
axillary
shoots

No. of
adventitious

shoots

Leaf number Senesced
leaves (%)

Plant dry
mass (g)

Control 8.76 ± 1.09 a* 2.1 ± 0.2 a 4.4 ± 0.3 a 30.1 ± 2.1 a 11 0.22 ± 0.02 a

OC-II-1 7.05 ± 1.90 c 3.3 ± 0.4 c 2.4 ± 0.5 b 42.4 ± 5.0 b 39 0.21 ± 0.02 a

OC-II-16 2.91 ± 0.29 b 4.3 ± 0.4 b 4.3 ± 0.3 a 35.4 ± 3.7 a 15 0.19 ± 0.02 a

*Statistically significant differences (P < 0.05) are marked by different letters

TABLE 2

Leaf photosynthethic parameters of control non-transformed (C-3) and transformed (OC-II-1 and OC-II-16) alfalfa shoots

cultured for 8 weeks. Net CO2 assimilation rate (A), stomatal conductance to CO2 (g), variable to maximum chlorophyll fluo-

rescence ratio (Fv/Fm), leaf chlorophyll content (Chl total) and chlorophyll a to b ratio (Chl a/b). Results are given as means ±

SD of eight replicates.

A
(mmol CO2

m–2 s-1)

g
(mol m-2 s-1)

Fv/Fm

(relative units)
Chl total

(mg g–1 dry mass)
Chl a/b

(relative units)

Control 9.65 ± 1.04 a* 0.76 ± 0.04 a 0.56 ± 0.02 a 4.1 ± 0.55 a 1.9 ± 0.20 a

OC-II-1 1.38 ± 0.41 c 0.72 ± 0.07 a 0.52 ± 0.03 c 2.5 ± 0.26 c 3.7 ± 0.33 b

OC-II-16 7.47 ± 1.74 b 0.99 ± 0.05 b 0.61 ± 0.02 b 3.0 ± 0.28 b 3.2 ± 0.27 b

*Statistically significant differences (P < 0.05) are marked by different letters.



duction in plants grown in vitro are often limited by low
irradiance and low CO2 concentration during the light
period (18, 19). In leaves grown at low light, the relative
proportion of chlorophyll a decreases due to increased
size of photosystem antennae complexes. As chlorophyll
b is prominent in outer regions of the antenna, the ob-
served decrease in the chlorophyll a/b ratio can be ac-
counted for by a relative increase in chlorophyll b-con-
taining antennae pigments, as shown by Anderson et al.
(20).

In comparison with non-transformed cultures, both
transformed cultures had reduced rate of CO2 uptake
and decreased total Chl (Table 2). However, their photo-
synthetic capacities did not correspond to their morpho-
logical features (the main axis length and total leaf number,
Table 1). Plants belonging to OC-II-16 had moderately
high net CO2 assimilation rate, A (77% of control plants,
Table 2), high stomatal conductance (g) values and the
highest Fv/Fm ratio of all examined cultures. Plants be-
longing to OC-II-1, however, had the lowest A (14% of
control plants) and the lowest Fv/Fm ratio, as well as the
lowest total Chl content in active (i.e. green) leaves and
relatively high percentage of senesced leaves (39%, Table
1). Decrease in fluorescence parameters from optimal
values, recorded both in control and in transformed plants,
implies decreased photochemical conversion efficiency
of PS II, which could be considered as an indicator of
stress conditions. Interestingly, very close values of Fv/Fm

ratio in non-transformed and OC-II-1 transformed plants
were recorded despite remarkable differences in their
Chl content, suggesting that the quantum efficiency of
photosystem II in plants belonging to clone OC-II-1 was
not affected by transformation.

Chl a/b ratio in both transformed cultures was signifi-
cantly greater in comparison to control. However, since
the values of variable to maximum Chl a fluorescence ratio
of transformants were similar to those of control plants,
increase in Chl a/b ratio is likely to be the consequence of
a relative decrease in chlorophyll b content. In addition,
increase in Chl a/b ratio could be caused by disturbed ni-
trogen assimilation and/or allocation in transformed shoots
since changes in nitrogen allocation to different compo-
nents of photosynthetic system lead to changes in photo-
synthetic performance (21).

Van der Vyver et al. (13) showed that maximal CO2 as-
similation rates were decreased in all transgenic tobacco
lines as a result of OC-I gene expression. However, since
the absolute amounts of chlorophyll were increased, there
was no photoinhibition in OC-I expressing plants. On
the other hand, Georgieva et al. (18) found that photo-
synthetic incorporation of CO2 in the leaves of trans-
formed tobacco plants, although limited due to restricted
gas exchange in the vials, showed no difference when
compared to control plants. Consequently, the authors
presumed that genetic transformation itself had not in-
fluenced the photosynthetic characteristics of tobacco
plants and that in vitro conditions were much more unfa-
vorable for photosynthesis.

The abovementioned alterations of photosynthesis and
growth characteristics in both transformed cultures could
result from gene insertion rather than OC-II expression.
Actually, in order to conserve metabolic energy of plants
and minimize physiological effects of the transgene on
plant metabolism, the OC-II gene was fused to a pro-
moter that is inducible by wounding and insect feeding
(pinII) (5). However, certain level of OC-II gene expres-
sion due to pinII promoter leakage cannot be excluded
since it was clearly shown that growth characteristics as
well as key processes of photosynthesis and respiration
are modified by constitutive expression of OC-I gene (13,
14).

The data presented indicate that observed morpho-
logical alterations and lowered photosynthetic capacity
in transgenic shoots cannot be accounted for only by un-
favorable in vitro conditions. Although certain level of
OC-II gene expression cannot be excluded, it seems more
likely that changes in their growth characteristics and
photosynthetic activity could result from genetic trans-
formation itself.

Acknowledgment: This study was supported by the Ser-
bian Ministry of Science and Environment Protection, Grant
No 143026B.

REFERENCES

1. DUNWELL J M 2000 Transgenic approaches to crop improvement.
J Exp Bot 51: 487-496

2. NINKOVI] S, MILJU[-\UKI] J, RADOVI] S, MAKSIMOVI]
V, LAZAREVI] J, VINTERHALTER B, NE[KOVI] M, SMI-
GOCKI A 2007 Phytodecta fornicata Brüggemann resistance medi-
ated by oryzacystatin II proteinase inhibitor transgene. Plant Cell Tiss
Organ Cult 91: 289-294

3. RIZZA F, PAGANI D, STANCA A M, CATTIVELLI L 2001 Use
of chlorophyll fluorescence to evaluate the cold acclimation and
freezing tolerance of winter and spring oats. Plant Breeding 120:
389-396

4. KRAUSE G H, WEIS E 1991 Chlorophyll fluorescence and photo-
synthesis: The basics. Annu Rev Plant Physiol Plant Mol Biol 42:
313-349

5. SAMAC D A, SMIGOCKI A C 2003 Expression of oryzacystatin I
and II in alfalfa increases resistance to the root-lesion nematode.
Phytopathol 93: 799-804

6. NINKOVI] S, MILJU[-DJUKI] J, NE[KOVI] M 1995 Genetic
transformation of alfalfa somatic embryos and their clonal propaga-
tion through repetitive somatic embryogenesis. Plant Cell Tiss Organ
Cult 42: 255-260

7. UZELAC B, NINKOVI] S, SMIGOCKI A, BUDIMIR S 2007 Or-
igin and development of secondary somatic embryos in transformed
embryogenic cultures of Medicago sativa L. cv. Zaje~arska 83. Biol
Plant 51: 1-6

8. MURASHIGE T, SKOOG F 1962 A revised medium for rapid
growth and bioassays with tobacco tissue cultures. Physiol Plant 15:
473-497

9. KARAD@I] B, POPOVI] R, JOVANOVI] Z, MIJOVI] A 1999
RGRP, a database and software for computing relative growth rate of
plants. Arch Biol Sci 51: 195-204

10. OQUIST G, WASS R 1988 A portable, microprocessor operated in-
strument for measuring chlorophyll fluorescence kinetics in stress
physiology. Physiol Plant 73: 211-217

11. HISCOX J D, ISRAELSTAM G F 1979 A method for the extraction
of chlorophyll from leaf tissue without maceration. Can J Bot 57:
1332-1334

12. ARNON D I 1949 Copper enzymes in isolated chloroplasts. Poly-
phenoloxidase in Beta vulgaris. Plant Physiol 24: 1-15

234 Period biol, Vol 110, No 3, 2008.

Branka Uzelac et al. Growth and photosynthesis in transgenic alfalfa



13. VAN DER VYVER C, SCHNEIDEREIT J, DRISCOLL S, TUR-
NER J, KUNERT K, FOYER C H 2003 Oryzacystatin I expression
in transformed tobacco produces a conditional growth phenotype
and enhances chilling tolerance. Plant Biotechnol J 1: 101-112

14. GUTIÉRREZ-CAMPOS R, TORRES-ACOSTA J A, PÉREZ-
MARTÍNEZ J J, GÓMEZ-LIM M A 2001 Pleiotropic effects in
transgenic tobacco plants expressing the oryzacystatin I gene. Hortsci
36: 118-119

15. DE KLERK G J 2002 Rooting of microcuttings: theory and practice.
In Vitro Cell Dev Biol – Plant 38: 415-422

16. AL-HAMADANI S, TODD G W 1990 Effect of temperature re-
gimes on photosynthesis, respiration and growth in Alfalfa. Proc
Okla Acad Sci 70: 1-4

17. ASSENG S, HSIAO T C 2000 Canopy CO2 assimilation, energy
balance, and water use efficiency of alfalfa crop before and after cut-
ting. Field Crops Res 67: 191-200

18. GEORGIEVA K, YORDANOV I, KROUMOVA A 1996 Photo-
synthetic characteristics of transformed tobacco plants grown in vitro
after their transplantation in natural conditions. Bulgarian J Plant
Physiol 22: 3-13

19. HAISEL D, POSPÍ[ILOVA J, SYNKOVÁ H, ^ATSKÝ J, WIL-
HELMOVÁ N, PLZÁKOVÁ [ 1999 Photosynthetic pigments and
gas exchange of in vitro grown tobacco plants as affected by CO2 sup-
ply. Biol Plant 42: 463-468

20. ANDERSON J M, CHOW W S, GOODCHILD D J 1988 Thyla-
koid membrane organization in sun/shade acclimation. Australian
Journal of Plant Physiology 15: 11-26

21. HIKOSAKA K, TERASHIMA I 1995 A model of the acclimation of
photosynthesis in the leaves of C3 plants to sun and shade with re-
spect to nitrogen use. Plant Cell Environ 18: 605-618

Period biol, Vol 110, No 3, 2008. 235

Growth and photosynthesis in transgenic alfalfa Branka Uzelac et al.


