CO-EXTRA

GM and non-GM supply chains: their CO-EXistence and TRAceability
Project number: 007158

Integrated project
Sixth Framework Programme
Priority 5
Food Quality and Safety

Deliverable D1.5.

Title: Report on the genotypes used and preliminary results of the CMS
trait in modern European maize hybrids.

Due date of deliverable: M 25

Actual submission date : M 32

Start date of the project : April 1%, 2005 Duration : 48 months
Organisation name of lead contractor: INRA

Authors: Christophe Weider, Ingrid Aulinger Leipner, Prof. Peter Stamp

Revision: V1.0 DRAFT

Project co-funded by the European Commission withirthe Sixth Framework
Programme (2002-2006)

Dissemination Level

PU Public

PP Restricted to other programme participants (inecigadhe Commission Services) PP

RE Restricted to a group specified by the consortiumol{ding the Commission Services)

CO Confidential, only for members of the consortigincluding the Commission Services)

Page 1 of 21




Reliability of maize cytoplasmic male sterility: fi eld trials at
various environments

“A 100% Male Sterility is required for the publica  cceptance of a
biological pollen containment system”

Current and future applications of CMS in maize pro  duction

CMS in hybrid seed production

CMS has already been widely used in the commercial production of hybrid seeds,
according to a method that was developed to restore the fertility with nuclear restorer-of-
fertility genes. In 1970, 85% of US hybrid maize was produced with CMS-T (Dewey and
Korth, 1994). The CMS-T type was the most extensively used because it was easy to
find suitable restorer genotypes and because it is a reliable and stable source of CMS
for hybrid seed production (complete absence of pollen). However, in the early 1970s, a
new pathogen, Bipolaris maydis, caused an epidemic of Southern Corn Leaf Blight in
maize produced with CMS-T genotypes (Tatum, 1971; Ullstrup, 1972). Both male sterility
and disease susceptibility traits appear to be closely linked and are associated with a
mitochondrial gene, T-urfl3, which encodes a 13-kilodalton polypeptide (URF13)
(Levings lll, 1990). An interaction between fungal toxins and URF13, which results in
permeabilization of the inner mitochondrial membrane, accounts for the specific
susceptibility to the fungal pathogens. The epidemic involved a loss of yield up to 50%
(Braun et al., 1992) and an immediate reversal to the use of normal male-fertile
cytoplasm. Because of the high costs of producing hybrid seeds, some of today’'s

breeders are relying on CMS-C or -S.
CMS combined with Xenia in the Plus-Hybrid System

A new prospect for the use of CMS in maize may be the Plus-Hybrid System (Stamp et

al., 2000; Weingartner et al., 2002). This system consists of blending a non-restored
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CMS hybrid together with an unrelated male-fertile hybrid that acts as a pollinator. The
combined effect of both CMS and Xenia are referred to as the “Plus-Hybrid” effect, which
leads often to a grain yield increase (by up to 21%) (Weingartner et al., 2002) (Fig.3.1).

] v
Relativ Plus-Hybrid
Yield CMS Xenia effect

A

Hybrid A Hybrid A Hybrid A Hybrid A Hybrid A Hybrid B| Hybrid A Hybrid B
Fertile Fertile Sterile  Fertile Fertile Fertile Sterile Fertile

Fig.1: Diagram of the Plus-Hybrid effect. The third column (in Parentheses)
refers to a system that is impracticable in the fie  Id due to uncontrolled pollination.

(Urs weingartner, 2002)

The effect of male sterility:

Already at the end of the 19" century, long before the discovery of CMS, Watson (1893)
presented results of comparative trials with manually detasseled and fertile maize,
indicating that the yield of the detasseled plants increased considerably (by 20 and
50 %). Watson thus concluded that the over-production of pollen in a maize field is an
exhaustive process. Not long after the discovery of CMS, breeders began to investigate
this new trait and to compare it to detasseling with regard to grain yield and other
agronomic attributes (Chinwuba et al., 1961; Duvick, 1958; Duvick, 1959; Everett, 1960;
Rogers and Edwardson, 1952; Sanford, 1965). The results of detasseling or CMS were
often inconsistent, but a yield increase was usually observed. Most researchers found a
highly significant dependence on the investigated genotype and/or the environmental
conditions (Duvick, 1965). There is general consensus that normal maize plants require

a substantial amount of water, energy, and nitrogen to produce fertile pollen. If the maize
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plant is not "forced" to produce an exceptionally large amount of fertile pollen grains and
if it is unnecessary that all the plants in a field produce fertile pollen, then greater
amounts of resources like nitrogen and water could be invested in the female, i.e., in the
yield-relevant plant parts.

Xenia effect:

Xenia can be defined as the immediate effect of a non-related pollinator on non-maternal
tissue of the kernel (Kiersselbach, 1960). The maize kernel can be divided into three
main parts: the embryo (about 10 % of the kernel moisture-free weight), the endosperm
(about 85%), and the pericarp together with remnants of the nucellus and seed coats
and the pedicel (remaining 5%) (Kisselbach, 1949). In the embryo, 50% of the genome
originates from the pollen, whereas in the endosperm 33% of the genome originates
from the pollinator. In the case of non-isogenic pollination, paternal effects, encoded in
pollen genes, probably influence the size or quality of the endosperm and the embryo,
which can result in a yield increase. One of the first studies on this topic was carried out
by Kiesselbach (1924), who found the theory verified in different maize varieties. In
1998, Bulant and Gallais confirmed these results for inbred lines and single-cross
hybrids.

Additionally to a potential gain in yield, the Plus-Hybrid system may also be a very
efficient and reliable tool to control the release of pollen from genetically modified maize
by integrating the transgene(s) in the male sterile plants (Feil et al., 2003; Feil, 2002).
Thus, Co-existence between GM and conventional farming system would be feasible
and therefore enable farmers to decide which kind of cultivation they would like to
conduct. Besides, the potential gain in yield through the Plus-Hybrid system could firstly
respond to the high expectation of the world market, secondly, result in a higher income
to the farmer. Nevertheless, to make sure that CMS is a realistic method of pollen flow
biocontainment, it is important to investigate the stability of the cytoplasmic male sterility
under different environmental conditions. For this reason, field trials have been carried
out in 2005, 2006 and 2007 in different European countries. Only one prerequisite is
essential: a 100% male sterility is required for the public acceptance of this biological

pollen containment system.
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Is Cytoplasmic male sterility stable?

Effect of climatic factors

Thus far, no studies have been published that focus on the stability or instability of male
sterility in maize. Only few publication dealing with CMS in other crops (rice, cotton, and
tomato) mention several climatic factors that can influence the stability of the sterility:
temperature, photoperiod, water availability. Different studies came to the same
conclusion: sterility increases with increasing temperature and day length (Latha et al.,
2004; Marshall et al.,, 1974; Sawhney, 2004). Several breeders also reported that
spontaneous reversion to fertility can occur late, when days become shorter but also
after that plants have been grown for a period before flowering under shading conditions
(cloudy wheather). The reversion to fertility can be total or partial, however, the
mechanisms involved are still unclear. Fig. 2. represents maize tassels and show that

reversion occurs to Varying extents.

b/ c/

FLUCTUANT . > FERTILE

Fig. 2: Tassel phenotypes of maize plants with dif  ferent degree of stability of the
cytoplasmic male sterility. a/ total sterile tasse | without any anthers, b/ unstable
ms plant with anthers only on the secondary branche s, ¢/ unstable ms plant with
anthers on the whole tassel (ARVALIS Institut du Végétal).

Compared to the sterile tassel, both fluctuant and fertile tassels can release more or less
pollen. Nevertheless, this pollen may be viable or not and will therefore not necessarily

be able to germinate and pollinate.
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The restorer genes of fertility (Rf genes)

Rf genes presented in point 2.3., play an essential role in the restoration mechanism, but
they may have as well an important role to play in the mechanism of reversion to fertility.
Whereas CMS-T type presents a fairly stable behaviour, CMS-S and C type often are
subject to a partial or full reversion to fertility. The reason for this is that the Rf genes for
both S and C types are naturally present in the breeding genetic pool, whereas the Rf
genes for T type have been put in by the breeders. Thus far, there is no published rapid
molecular method that enables breeders to identify easily the presence of Rf genes in
their genetic pool during the construction of a male sterile line. Also, up to now, it is
difficult to realise and ensure the construction of an Rf-gene free male sterile line.
Deeper investigations are necessary to fulfil the lack of knowledge about Rf genes: (i)
their number as well as their way of acting, (i) the interactions between different main
and/or secondary Rf genes (see table 2.1), (iii) the different degree of restoration that
can occur (Fig. 4.1).

This project was developed in the frame of a European research program called Co-
Extra involving 52 partners (from 18 countries) and dealing with Coexistence and
Traceability in the GM and non-GM supply chains. The objectives of this thesis were: (i)
to investigate the stability of a large number of modern European CMS hybrids under
various environmental conditions on the field but also in glasshouse, (ii) to understand
the cause(s) of spontaneous reversion to fertility, that means determine whether climatic
factors and/or Rf genes are involved in this complex mechanism, (iii) to provide an
efficient field-adapted system using cytoplasmic male sterility as a reliable tool to enable

coexistence between the different farming systems.

Field experiment 2005

Material and method

Plant material and experimental design
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Field trials have been carried out in Switzerland and in France under different climatic
conditions. The main site of experimentation was situated near Zurich, in the ETH field
station of Eschikon, whereas the second site was in the Eastern part of Switzerland, in
Delley (Canton Freiburg), at the Delley Seeds and Plant (DSP). In France, field trials
have been carried out in a site of experimentation belonging to ARVALIS Institut du

Végétal near Rennes (Brittany).

Twenty-two modern hybrids from different European breeders have been tested under

field conditions:

- French breeders: Limagrain (F-63260), Syngenta (F-31790), Maisadour (F-
4001), Pau-Euralis (F-64231),

- Swiss Breeders: DSP (CH -1567),
- German breeders: KWS (D-37555), Euralis Saaten (D-22851).

Hybrids from different maturity group (early to late maturity groups) and from the three
different CMS types (C, S and T) have been integrated in the field trials.

T LI IIIITLT NN NN RN NN NN NN NN NN NN NN
‘Sowing date 1. ‘ Sowing date 1 + Sowing date 1 + Sowing date 1 +

6m TTTTTTT
wadh 1 15 days 30 days 45 days

36 m

74 m
Fig. 3: Experimental design of the field trial in E  schikon (2005)
In Eschikon, each CMS-hybrid was sown at four different dates in two-week intervals

(according to weather conditions) and with five replications per sowing date. The CMS-
hybrids were sown randomly in each replication. A replication plot consists of 22 rows,
corresponding to the 22 tested CMS-hybrids, 6 m long (30 plants separated from 20 cm).
The aim of the different sowing dates is to expose the plants to different growth
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conditions within a same climatic zone, and therefore influence the key growth stages.
Four sowing dates have been programmed from beginning May until End of June. In

Delley, three sowing dates were sown.

Experimental protocol

Under field conditions, do plants produce anthers a nd pollen?
During growth period, the plants were observed and particular attention was paid during

male flowering time. Tassel characteristics were assessed.

If pollen is produced, is it sterile, or is it able to germinate and fertilize?

The tests that were carried out with the same care as for the inbreeding pollinations are
firstly dedicated to evaluate the stability of the Cytoplasmic Male Sterility under field
conditions. The ear of each plant was isolated before silking. Hybrids whose male

flowers produced anthers were self-pollinated (Fig. 4).

Steps to follow:
1. Isolate the ear before silking
2. lIsolate the tassel the day before the
self-pollination
3. Self-pollinate and keep the ear
isolated

Fig. 4: Self-pollination protocol

15 plants per hybrid, per repetition and per sowing date have been evaluated and self-
pollinated if necessary during the field test.
Harvesting and analysis
Each repetition was harvested separately and the ears were gathered in bags with
the name of the hybrid and the number of the repetition. The characteristics as well as

the kernel number of each ear was assessed.
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Experimental design in France

The complementary field trial carried out by ARVALIS Institut du Végétal in Rennes was
realized with the aim of evaluating the stability of the sterility of the 22 hybrids tested in
Switzerland. The 22 Hybrids were sown on lines of 100 meters. During growth period,
the plants were observed and particular attention was paid during male flowering time.
All the observations (particularly presence of anthers and pollen) were assessed.

Results season 2005

The first year of field trial provided information about a very large number of hybrids
coming from a wide range of European breeders. Table 1 gives a general overview of
the results obtained in Switzerland and in France.

Table 1: General overview of the results 2005 _

fA = fluctuating tassel, Absence of pollen

cMS ope | France | Switzeriand fP = fluctuating tassel, Presence of pollen
ZH
LIM5 C M
KWS 2 S
MADS L Sterile Hybrids from different ms types
EUR 1 C
LIM 1 C
DSP 9 T
DSP 5-T T
MAD 2 C S
LIM4 C A
DSP 7 T
DSP 2 T
LM 3 € Unstable Hybrids:  climatic reasons?
SYNL S L U L > restorer genes (Rf)?
DSP 8 S
DSP 1 T
KWS 1 S
SYN 2 S
DSP 5-S S J
As, shown instab esteyl this year are completely sterile across the
sfferentl locdtio in't dUd_ﬂEﬁHQ appeare e thm&f@lﬁk?r’m/lp!dtﬂe’r‘n.
S restored hybris?
S types are represented.

Four hybrids are completely fertile and further molecular analysis need to be realized to
determine whether they have the sterile cytoplasm or the fertile one. In the first case, it
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could be hypothesized that fertility restorer gene(s) have unluckily been transmitted by
the father line during the production of the hybrid.

Between these two categories, there are ten hybrids that were unstable: fluctuating with
or without pollen, sterile or completely fertile. The location in France appears to be more
favorable to reversion to fertility. Meteorological data from the different locations need to
be gathered and compared to confirm the fact that climatic factors can affect the stability

of the sterility.

Field experiment 2006: European Ring test

Within the framework of the European program COEXTRA, several field trials were
carried out in Switzerland, Germany, France and Bulgaria (Fig.5). This firstly enabled an
interesting partnership with several research institutes and secondly, enabled us to carry
out field trials in different geographical places under different environmental conditions.

(r 10 B Instthute

IR A I NI AN

Kostinbrod

_—

ARVALIS =
I t g

nstitut du végéral = - . =

Montardon W e - = i
T S

s g & L =4

Fig. 5: European Map and fieldrials locations

In 2005, field tests were realized in Switzerland and in France, and the results of this
large screening permitted to select the most suitable hybrids that were integrated in the

experiment in 2006.

Material and method

Plant material and experimental design

In 2006, 12 hybrids were selected among the 22 hybrids that had been tested in 2005.
These 12 hybrids (see table below) were selected because of their behavior (stable or
unstable) in the previous field trials carried out in different places in Switzerland and in

France. The selected Hybrids are the following:
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- DSP1 -DSP 8

- DSP2 -SYN1

- DSP4 -SYN 2

- DSP5-S - LIM3

- DSP5-T -KWS 1
- DSP6 -LIM1

This following experimental design (Fig.6) was applied in all different countries.

Isolation
.~ rows

TOTAL
v K ‘
Surface: N |solation rows
590 m?2 < >

Fig. 6: Experimental design 2006

Each CMS-hybrid was grown in two different sowing dates in a four-week interval
(according to weather conditions) and with five replications per sowing date. The CMS-
hybrids were sown randomly in each replication. A replication plot consisted of 10 rows,

corresponding to the 12 tested CMS-hybrids , 5.80 m long (30 plants separated by 20

cm, and 80 cm between each row). The aim of the different sowing dates was to expose
the plants to different growth conditions within a same climatic zone, and therefore
influence the key growth stages. The first sowing date was sown beginning of May, and
the second one around beginning of June.
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Experimental protocol

The experimental protocol was the same as in 2005 (see experimental protocol for

field season 2005).

Harvesting and analysis

Each repetition was harvested separately and the ears were gathered in labeled
bags. Each harvested ear was classified according to 5 different clusters (Fig.7).

Cluster 1 Cluster 2 Cluster 3
O Kernel 0 <Kernel =5 5 < Kernel =50

Fig.7: Cluster Characteristics: a helping tool for the analysis

Then all ears from the 5 repetitions were photographed together to get an objective

overview of the results (see Fig. 8). Finally, the kernel number of each ear was

assessed.

« no kernels
o few ker_nels « no vital pollen
« some vital pollen

sterile plant

unstable plant ?

* Full cob
« Plenty vital pollen

ms or fertile plant ?
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Fig. 8: An overview of the self-pollinated ears fro  m the hybrid DSP 6

In a same time, molecular analyses have been carried out with the aim to verify that the
unstable male sterile plants were in fact carrying the cytoplasmic male sterile mutation.
For this purpose, we used a rapid, efficient and inexpensive multiplex polymerase chain
reaction (PCR) assay, which enables to distinguish the three major types of CMS in
maize (Liu et al., 2002). Three pairs of PCR primers, corresponding to the chimeric
regions of mitochondrial DNA sequences, are specific for the three types of male sterile

cytoplasm (Fig. 9).

Fig. 9: Recombinant mtDNA regions of the CMS T, Ca nd S. Black arrows indicate
the binding sites of the specific primer pairs; the sizes of the expected

amplification products are given between the arrows (Liu et al., 2002).
After running a gel with the samples, it is possible to determine thanks to the presence

or absence and size of a band whether the sample is a CMS or Normal genotype and
furthermore distinguish between the three different CMS types (Fig.10).
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Fig.10: PCR gel with four different maize samples: B37 N (Normal
Genotype), B37 CMS-T, B37 CMS-C and B37 CMS-S.

The results of these analyses confirm that all our CMS hybrids carry the male sterile

cytoplasm. Therefore, the unreliable male sterile behavior of several hybrids cannot be

explained by possible seed contaminations.

Results season 2006

Table 2 gives an overview of the results obtained in 2006 with the 10 selected hybrids.

Table 2: General overview of the results 2006

SYN 2

DSP 6

CMS type
Code Name
DSP5-T T
LIM 1 C
DSP 1 T
DSP 2 T )
LIM3 C P P A P P
DSP 8 S fA fA P P P
DSP5-S S fP P i - >
KWS 1 S P P P P
SYN1 S P P P P P
DSP 4 T P P P P P J
S
S

——— &

fA= fluctuating tassel, Absence of pollen

A 100% male sterile plants
in each area

O

More or less plants producing
pollen and kernels

Same behavior than 2005

ts is not finished yet. The meteorological data from [the different

| = fuctuating tassel, presence of pollen t0 Set eventual correlations. Nevertheless, t ular analysis

realized on samples from the different partners revealed that in Germany a mix between

the hybrids occurred. Therefore, it will be difficult to integrate these data since proper

identification would be very time consuming and expensive.
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Conclusion & Discussion

During the first year of tests, a very large number of European modern CMS hybrids
were tested on the field. CMS C, S and T type were considered. In 2006, twelve from the
twenty-two hybrids were selected according to their behavior for further investigation on
the field and we enlarged the number of environmental places (Switzerland, France plus
Bulgaria and Germany).

The information obtained in 2005 and 2006 is presented in Fig. 2. Since the behavior of
the hybrids was comparable in the different environments, it was possible to have all the
information in one overview. The last two years the climatic conditions have been hard
with extreme temperatures and water availability all along the season. Thanks to our
European partners and thanks to several sowing dates per year in each place, the
different hybrids were exposed to many environmental conditions. Therefore, the chance

to see differences in behavior was high.
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Fig.11: General overview of the male sterile status of 22 commercial hybrids
tested in 4 countries in 2005 and 2006

0 = 100% sterile hybrids,

1 = Few plants with some anthers, but no pollen and therefore no kernel produced,

2 = All plants with some anthers, but no pollen and therefore no kernel produced,

3 = Few plants with anthers, some viable pollen produced and therefore some kernels,
4 = All plants with anthers, viable pollen produced, therefore kernels produced,

5 = Fertile appearance, 100% kernels produced.

* Hybrids tested only in Switzerland in 2006

The first fact, which emerges from Fig.11 is that cytoplasm T- type is the most stable
one, immediately followed by cytoplasm C and finally by cytoplasm S. For example in
2005, five among the seven CMS-T hybrids showed a perfect sterile behavior, while five
among the eight CMS-C showed a reliable sterile behavior. Only one CMS-S type,
KWS2 showed a reliable sterile behavior, whereas the six other had an inefficient male

sterile trait.

CMS-T type:
Largely used in the past for hybrid seed production, this type of cytoplasm was well-

known for its high reliability. The modern commercial hybrids that have been tested,
confirmed the hypothesis with the exception of DSP2 and DSP4. In the case of DSP2,
only few plants produced few anthers but without pollen. However, DSP4 (Cluster 4, Fig.

11) was very unstable and produced plenty of kernels: the mean kernel number per plant
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evaluated was over 150, and over 65 % of the harvested ears were classified in Cluster
4 and 5 (Fig. 7). Since this behavior has been assessed in all the experimental places,
we hypothesize that Rf genes are responsible, and that they have been introduced by
mistake during the breeding process.

CMS-C type:
A large majority of male sterile C hybrids showed a reliable behavior. Nevertheless,

LIM6 and DSP10 had a fertile appearance, which does not allow any doubt concerning
the presence of main restorer genes: 100% of the harvested ears were classified in
Cluster 5 (full ears). LIM3 showed in 2005 few plants with anthers but without pollen,
nevertheless, in 2006 less than 0.5 plants on average among the different places carried
anthers and produced viable pollen (Cluster 3, Fig.11).

CMS-S type:
Although well-known for being the most unstable cytoplasm, there was one hybrid with

highly reliable male sterile trait (KWS2). Therefore, one conclusion is that it is possible to
find reliable male sterile hybrids in each of the three cytoplasm types. Nevertheless,
CMS-S was eventually the worst cytoplasm type since the large majority of the tested
hybrids are classified in Cluster 2, 3 and 4 (Fig. 11). Again, the hypothesis of the
implication of Rf genes is put forward, especially in the case of DSP8 and SYN2, which
had both a similar behavior to normal fertile hybrids: DSP 8 produced on average over
150 kernels per ear and over 64 % of theses ears were classified in Cluster 4 and 5 (Fig.
7); SYN2 produced on average over 65 kernels per ear, and over 65 % of these ears
were classified in Cluster 2, 3 and 4 (Fig. 7). Regarding DSP6 and KWS1 (Cluster 2, Fig.
11), both hybrids had a similar behavior over the two years, with a homogeneous plant
population. This let us think that one or several Rf genes, which are not main Rf genes,
are responsible for this phenotype. Finally, SYN1 showed a heterogeneous behavior:
about 70 % of the plant produced anthers, 30 % of them had a fertile behavior (tassel full
of anthers, high amount of pollen released) while 40 % of them had a fluctuant behavior
with few anthers that did not produce pollen. The plants that produced pollen carried on
average about 30 kernels per ear, and 75 % of these ears were classified in cluster 1
and 2 (Fig.7).
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Finally, the Plus-Hybrid system as a biocontainment tool for transgenes is already
feasible now, on the condition that each single hybrid is tested before on the stability of
its male sterility. Nevertheless, CMS hybrids from type T and C should be preferred.
With CMS T type, one important prerequisite would be the use of an adapted crop

protection treatment against Bipolaris maydis, to avoid a new epidemic episode.
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