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Abstract

Carbon dioxide as the cause of glasshouse effect and global warming is the current dilemma of human societies. It is
well know that CO; is one of the principle requirements of plant growth and it promotes seed production. As to the seed
transmission rate of virus under increased CO; level there was no work prior to this study. In this study, seeds harvested
from lettuce plants that were grown under ambient (375 ppmv) and elevated (E) CO, (750 ppmv) and grown from
Lettuce mosaic virus (LMV)-infected seeds or sap-inoculated were tested to find out if ECO, affects the seed
transmission rate. Accordingly, two seed-lot samples (each 25 seeds) from each of the treatments were germinated on
wet filter paper in Petri dishes and four-day old seedlings were subjected to double antibody sandwich enzyme-linked
immunosorbet assay (DAS-ELISA) by the use of "home-made" conjugate with appropriate controls. The outcome from
this study showed that the transmission rate in seeds from plants grown from infected seeds under ECO; was higher
(8.5%) compared to that from plants grown under ambient CO; (6.8%). Likewise, the rate in seeds from sap-inoculated
plant under ECO2 was higher (4.17%) than that from plants grown under ambient CO2 (4%). In addition, the
transmission rates in plants grown from infected seeds were higher (8.5% or 6.8%) than that in seeds from the
inoculated plants (4% or 4.17%).
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Introduction

Lettuce mosaic virus (LMV) is one of the first
viruses reported in early 20" century (Jagger 1921
cited by Le Gall 2003) even before virus
physicochemical property was known. LMV
belongs to the genus Potyvirus that are transmitted
by seeds, aphids and plant sap as well as vegetative
propagation material. The virus particles are
flexuous filamentous with 13 nm width and 746
nm length (Moghal & Francki 1981).

LMV is a serious pathogen of many
commercial crops in lettuce- growing areas of the
world. The pathogen causes losses in the field, but
it is also a significant problem in glasshouses when
seedlings are not grown under insect-proof
conditions and are exposed to the infection. The
severity of the disease is related to whether
certified or uncertified seed is used and to the
cultivation method. Serious losses occur when
farmers are not obliged or unaware of the necessity
to use certified seeds and particularly if relatively
small plots are grown for successive years
(Dianant & Lot 1992). Accordingly, because of the
seed exchanges among different countries, LMV
has widely spread all over the world. In Iran, LMV
has been reported as the most dominant virus
among three viruses detected in lettuce (Soleimani
et al. 2004).

The virus has a relatively broad host range
belonging to several families (German-Retana et
al. 2008). Symptoms caused by LMV vary in
different lettuce varieties. It causes dwarfing,
defective heading, mottling, leaf distortion and
yellowing in the lettuce variety Butterhead. In
crisphead varieties it produces blotching, dwarfing
and leaf distortion particularly in the early stages.
LMV-infected lettuce plant varieties of Cos are
stunted and fail to make a compact heart (Dinant &
Lot 1992).

Seed transmission of LMV was demonstrated in
early years of virus discovery (Newhall 1923 cited
by Le Gall 2003) when the virus entity, its
nucleocapsid composition was yet to be explored.
LMV is transmitted by both pollen and ovules but
it is extremely low through pollen (Ryder 1964).
LMV is seed-borne as it has been detected in

hypocotyl, endosperm and radicle of the seed
(Hunter & Bowyer 1991). The rate of virus
transmission via seed depends upon the time of
infection of the mother plant, the variety and the
environmental conditions (Bos 1999).
Accordingly, if plants are infected just before
flowering, fewer virus-infected seeds are produced
but no virus-infected seed is produced if the plants
are infected after flowering. Although seed
transmission is normally very low but from
epidemiology point of view it is very critical. In
Europe the acceptable threshold limit of lettuce
seeds infected by LMV was 0.1%, until it came to
light that even seed infection as low as 0.003% was
enough to start an epidemic (Aveling 2014).
Climate change is a major concern in today’s
world, causing so-called glasshouse effect. Carbon
dioxide (CO.) as a major air pollutant is also one
of the growth requirements for plants as it is
involved in photosynthesis. It is well known that
elevated CO, (ECOy) in plant atmosphere increases
the net photosynthesis and reduces
photorespiration (Hew & Gibbs 1969), and inhibits

the dark respiration through effects on
mitochondrial metabolism (Shipway & Bramlage
1973).

There are conflicting reports as to the effect of
ECO; on plant pathogens including viruses.
Strengbom & Reich (2006) reported that incidence
of leaf spot on mature leaves of Solidago rigida is
reduced by half under ECO, whereas Kobayashi et
al. (2006) found that in rice (Oryza sativa L.) both
rice blast and sheath blight increase under ECO..
In regard to plant viruses, because CO, affects
plant cell physiology and plant virus becomes part
of plant physiology during the infection (Bos
1999) there have been investigations into the effect
of CO; on plant diseases (Luck et al. 2010; Lake &
Wade 2009; Coakley et al. 1999). ECO2 generally
favours the salicylic acid (SA) signalling pathway
but represses the jasmonic acid (JA) pathway,
which is associated with enhanced resistance to
TMV (Zhang et al. 2015). Another study (Guo et
al. 2015) reports that under ECO; tomato plants
containing the R gene Mi-1.2 are more vulnerable
to tomato yellow leaf curl virus (TYLCV) whereas
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the variety Moneymaker defies the virus under
ECO:; suggesting that the effect of ECO, depends
on plant-virus combination. Yet in another study
(Trebicki et al. 2017) it has been reported that
under ECO. the susceptibility of wheat plants
against BYDV is increased.

The first investigation was in 1940s when
increased CO; (1%) efficiently  reduced
susceptibility of Phaseolus vulgaris to tobacco
necrosis virus (TNV) (Kalmus & Kassanis 1944).
Later on, 1% ECO; efficiently inhibited tobacco
mosaic virus (TMV)’s local lesions on tobacco
plants and N. glutinosa, and that of turnip mosaic
virus (TuMV) on tobacco plants (Hew & Gibbs
1969). So, along with positive effect of CO, on
plant growth it appears to promote plant resistance
to plant viruses (Matros et al. 2006). Moreover,
exposure of oat plants to ECO. and simultaneous
infection with Barley yellow dwarf virus (BYDV)
promotes the plant growth (Malmstrom & Field
1997).

Therefore, the speculation was if ECO; can
make plant resistant against virus by reducing or
preventing local lesions it is anticipated that it
might also affect seed transmission rate of virus.
This is because the effect of CO2 on plant
physiology is inevitable and, in turn, virus
replication is governed by plant cell physiology
which may in turn impact seed transmission rate of
virus.

Materials and Methods

Lettuce plants were grown from seeds or
inoculated with LMV-infected sap in chambers
under conditions of ambient and elevated carbon
dioxide, 375 ppmv and 750 ppmv, respectively. A
seed sample with 13% infection was provided by
Yates Pty Ltd. The infection in the mother seed
had been verified by mechanical inoculation assay
on Chenopodium quinoa. Healthy controls were
grown from LMV-free seeds under ambient (AH)
or ECO2 (HH). The plants were allowed to grow to
maturity and the seeds from each plant (replicate)
were collected in a small paper bag and kept at 4
°C until testing against LMV. The harvested seeds
were germinated on pleated filter paper (Whatman
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No. I) in Petri plates (9 cm) at room temperature (~
25 °C) and the plates were moved into a light room
with 24h photoperiod to increase the growth rate of
the seedlings. Every 4-day seedling (~15 mg) was
extracted in a 1.5 ml sterilized micro-tube with a
sterilized matching polypropylene pellet mixer
(Knotes Biotech, New Jersey, USA) as a pestle in
700 pl extraction buffer (pH 7.4) containing 2.0%
polyvinyl pyrrolidione (PVP), 0.2% bovine serum
albumin  (Albumin Fraktion V, Boehringer
Mannheim) and 0.02% sodium azide (NaN3).
First, each seedling was extracted in the absence of
the buffer, then half of the extraction buffer, 350
pl, was added, followed by extraction and adding
the remaining half of the buffer. Since LMV is an
unstable virus (Ainsworth & Ogilvie 1939), the
extracts were placed in ice for 15-30 min to
proceed with all the extractions. The extracts were
centrifuged and then placed back in the ice box
before putting in the wells in ELISA microtiter
plates.

In the first run of ELISA, a germinated certified
LMV-free seed of cv. Salinas was used as virus-
free control. In subsequent runs of ELISA,
however, seedling extract from the first ELISA that
was proved to be LMV-free was used as the
control. Also, inoculated leaves of Chenopodium
quinoa, expressing chlorotic local lesions were
extracted and used as positive controls.

C. quinoa plants were inoculated as described
elsewhere (Bos 1999). Briefly, freeze-dried LMV-
infected leaves of Pisum sativum L. cv. Greenfeast
(I g leaf in 10 ml buffer) were extracted in 0.01M
phosphate buffer, pH 7.0 in a sterilized mortar with
a sterilized pestle. Hands were washed with soap
before rubbing the extract on carborundum- dusted
leaves. As a healthy control, one plant was
inoculated with healthy sap.

Antiserum against an Australian isolate of
LMV, obtained from naturally infected lettuce at
Hillston, NSW (Australia) was prepared in a
rabbit. The gamma immunoglobulin (IgG) was
separated from the antiserum through an affinity
chromatography column (DEAE Affi-gel blue,
BioRad). To prepare | ml of the conjugate, 100 pl
of alkaline phosphatase  (ALP) solution
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(Bochringer Mannheim) was added to | ml of the
anti-LMV 1gG. Then, 8% glutaraldehyde solution
was added to 0.06% (v/v) final concentration (8.5
pl glutaraldehyde to 1100 pl of the mixture),
followed by incubation at room temperature for 2-
3 h before dialyzing two times against 500 ml PBS
(phosphate  buffered  saline) to  remove
glutaraldehyde. Finally, 5 mg/ml bovine serum
albumin (Boehringer Mannheim) and 0.02% (w/v)
NaN3 were added and stored at 4 °C.

A preliminary double antibody sandwich
(DAS)-ELISA was performed according to Clark
and Adams (1977) to determine the optimum
dilutions of the coating 1gG, sample, and the
conjugate to be used in the ELISA. In the ELISA
tests, 200-ul of IgG was placed in each well in the
ELISA plate and incubated at 35 °C for 2 h to bind
IgG to the well. Then, the plate was emptied into
sink and tapped several times on paper towel to
remove non-adsorbed IgG, followed by flooding
with washing buffer (PBS-Tween) for three
minutes, and then emptying and tapping on towel
paper. This was repeated for three times. Samples
and extraction buffer (control) were placed in the
wells, followed by incubation at 4 °C overnight.
After washing as above, 200-pl aliquots of the
conjugate were placed into the wells, incubated at
35 °C for 2h and then washed as before. Then, four
5-mg p-nitrophenyl phosphate tablets (the
substrate) were dissolved in 20 ml substrate buffer
(2 mg/ml) and 250 pl were placed in the wells,
plus the first column of the plate as baseline. The
plate was kept in dark (draw) at room temperature
and the light absorbance values at 405 nm
wavelength were monitored every 15 min by a
Titertek®  Multiskan  plate  reader (Flow
Laboratories, USA). Three replicate samples of
each extract were placed in three successive wells
in each column from top to bottom. Similarly,
aliquots of extracts from healthy and infected
controls were added into three successive wells in
a column. The light absorbance at 405 nm of every
plate was read by the plate reader. Twice mean

absorbance values of virus-free extracts was
considered as a threshold (Hill, 1984) so that if the
mean value of a sample was more than the
threshold it was considered as infected.

Results

The highest dilutions of the 1gG, sap and
conjugate were determined to be 0.1 pg/ pl, 1:100
and 1:1000, respectively, in the preliminary DAS-
ELISA. When the test was carried out on the 4-day
seedlings, clear cut results in terms of difference
between positive and healthy seedlings were
obtained. Accordingly, for majority of the tested
seed samples the results were easily judged
visually (Figure 1) even without using the ELISA
plate reader although the plates were also scanned
and read in the plate reader to obtain precise light
absorption values of the treated wells at 405 nm
wavelength.

The rate of infection in seeds from plants grown
from infected seeds under ECO, (HNI) was higher
than that in plants grown from the infected seeds
under ambient CO, (ANI), 8.5% versus 6.8%,
respectively. Likewise, the rate in seeds from sap-
inoculated plants under ECO; (HI) was more than
that in sap-inoculated plants under ambient CO;
(Al), 4.17% against 4%, respectively. Also, the
virus transmission rate in plants grown under
ambient CO; from infected-seed (ANI) was higher
(6.8%) than that from plants grown under similar
condition but mechanically infected (Al) (4%). In
addition, majority of the sap-inoculated plants
grown either under ambient CO, or ECO2 (Al-92,
Al-95, Al-96, Al-98, HI-63, H)-65, HI-66, HI-68)
gave no infected seeds whereas in all the plants
grown from the infected seeds there were
infections except for HNI-59 (Table 1).
Accordingly, the seed infection rate in ANI plants
was higher than that in Al plants, 6.8% versus 4%,
respectively. Likewise, in HNI plants (grown from
infected seeds under ECO,) there was 8.5% seed
infection whereas in HI plants (inoculated plants
under ECO») 4.17%.

J Appl Res Plant Prot

$




Sokhandan Bashir N, Effect of Carbon Dioxide on Seed transmission of... 455

L IN&

ol'g

Figure 1. A representation of DAS-ELISA test with results from ANI-87 seedlings grown from Lettuce mosaic virus-
infected seeds under ambient CO.. Beginning from the second column three replicative aliquots of each sample were
placed in three successive wells. For example, the sixth and eighth samples are infected. The last column is treated with
the positive control, all showing yellow color. The results are clearly cut between healthy and infected seedlings,
showing the reliability of the test.

Table 1. Number and infection rate with lettuce mosaic virus in seeds from plants grown under ambient or elevated
CO; and infected from seed or sap inoculation.

Plant(s) @ Seeds Number of infected seeds® % infected

tested seeds
Sample lot 1 Sample lot 2

ANI-85, -87, -88, -89 and ANI-91 250 6,5,0,1,0 11,1111 6.8

HI-62, -64, -67, -70, -63, -65, -66, - 600 3,5,3,0,0,0,0,0,0,0,0,0 3,3,9,1,0,0,0,0,0,0,0,0 4.17

68, -69, -71, -72 and HI-73

Al-97, -99, -101,-92, -95, -96, Al- 350 5,5,0,0,0,0,0 2,0,2,0,0,0,0 4

98

HNI-57, -58, -59, HNI-61 200 2,3,0,3 5,3,0,1 8.5

HH-50, -51, -52, -54 and HH-55 250 0 0 0

AH-80, -81, -82, -83 and AH-84 250 0 0 0

2 Al: ambient CO2- seeds from mechanically inoculated plant, HI: elevated CO2- seed from mechanically inoculated plant, HH:
elevated CO2-seed from healthy plant, AH: ambient CO2- seed from healthy plant, HNI: elevated CO2-seeds from plant grown from
infected seed, ANI: ambient CO2- seeds from plant grown from infected seed

b Number of infected seeds are written respective to the treatment, e,g, ANI-85 and -87 had respectively 6 and 5 infected seeds in the
lotl and 1 and 1 in the lot 2.

Discussion ELISA. The preliminary DAS-ELISA test not only

In this study hundreds of seeds from plants revealed optimal dilutions of the reagents but also
grown under ambient or elevated CO, from LMV- demonstrated the efficiency of the "home-made"
infected seeds or mechanically-inoculated plants conjugate in detecting LMV. Although in the
were analyzed by the use of a very reliable DAS- preliminary test, yellow color appeared in all the
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wells within 5 h of adding the substrate, there were
still cut results among the rows with different
dilutions. Monitoring of the color development in
an ELISA plate is normally done within 1-2 h from
adding the substrate because eventually all the
wells would turn into yellow due to aging of the
substrate. Therefore, the reliability of the color
development is normally in early hours of the
adding the substrate which depends on virus
guantity and consequently absorbance values. As
long as the healthy control and the only- substrate-
treated wells have not developed the color, the
monitoring is still valid. In this preliminary test,
the judgement by relying on the color development
was still valid even after 5 h of adding the
substrate.

Differences were revealed between the
transmission rates of the seeds from the treated
plants under high level (ECO;) and ambient CO;
and those from healthy controls (HH and AH).
The transmission rates in plants exposed to ECO;
were higher than that in seeds from plants grown
under ambient CO,. Accordingly, the rates in HNI
and HI plants (ECO,;) were 8.5% and 4.17%
whereas in ANI and Al plants (CO;) they were
6.8% and 4%, respectively. This suggested that
ECO. increases the virus infection rate in the
seeds. This likely enhancing impact of ECO; in the
virus seed transmission rate may be attributed to its
increasing effect on seed production (Holley et al.
2022; Lamichaney et al. 2021; Way et al. 2010;
Edwards et al. 2001). According to Holley et al.
(2022), increasing carbon dioxide between 400 and
800 ppm results in lettuce fresh and dried weight.
Although there is no report, so far, as to the
boosting effect of ECO, on seed production in
lettuce, there are such reports in other crops (e. g.,
Lamichaney et al. 2021). So, it is likely that ECO;
can also promote seed production in lettuce. Then,
there would be a scenario of the more seeds the
more infected seeds. There are conflicting reports
as to the effect of ECO- on plant-virus interactions,
however it increases the susceptibility of wheat
plants to barley yellow dwarf virus (BYDV) or
cereal yellow dwarf virus (CYDV) (Trgbicki et al.
2017). This seems to be in line with the conclusion
drawn here because higher rate of the seed
transmission can also be considered as being more
susceptibility to the virus. Additionally, in the
report by Aguilar et al. (2015), ECO; has
intensified the synergism between potato virus X
(PVX) and potyvirus, the same genus that LMV
belongs to. This also seems to support the
conclusion that ECO, may increase seed
transmission of LMV.

Moreover, the infection rates in the seeds from
plants grown from infected seeds were more than
that from mechanically-inoculated plants. The
infection rates in seeds from HNI and ANI plants
(grown from infected seeds) were 8.5% and 6.8%
whereas in HI and Al plants (sap-inoculated) 4.17
and 4%, respectively. Such differences could be
attributed to the effect of duration of infection in
mother plant on the seed transmission rate. This
had been reported for the seed transmission rate of
bean common mosaic virus (Bennett 1969). He
noticed that the bean plants grown from the
infected seeds had higher percentages of infection
than the plants which were inoculated during
vegetative growth stage. Fajardo also observed that
there were no infected seeds from pods set prior to
infection of the mother plant. It has been
concluded that the seed transmission rate of bean
mosaic virus was dependent on the ability of the
virus to reach the ovule before or just after
fertilization (Bennett 1969). The impact of time
length of infection on the seed transmission rate
has also been reported by Couch (1955) who
demonstrated that the plants inoculated at 4-week-
old had a higher seed transmission rate (7.82%)
than that inoculated at 9- or 15-week-old, 4.91%
and 4.63%, respectively. Also, plants inoculated
after flowering did not have any seed transmission
of the virus. These data suggest that after infection,
virus needs time to multiply, pass through tissues,
then to infect anthers and ovule, and finally reach
the seed. Therefore, when the infection occurs
earlier, the virus multiplies more, and it seems
there is more chance of arrival and localization of
LMV particles in the seed.

The rate of virus seed transmission is usually
small under 0.1% (Bos 1999), however even a tiny
rate will have much bigger consequences in plant
virus epidemiology if the cumulative increase in
seed transmission in successive years is taken into
account, particularly if farmers use seeds from
their own crop of previous year.

Two results are put out from this study. First,
ECO; seems to increase LMV transmission rate in
lettuce seeds. Second, the infection rates in seeds
from plants grown from infected seeds are higher
than that in plants inoculated with the infected sap.
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