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Introduction

Common ragweed is native to North and Central America (Lorenzi and Jeffery 1987;
Kovalev 1989), but now this species is present world-wide; Africa (CJB, 2016), Asia (Flora of
China Editorial Committee, 2016), Australia (Council of Heads of Australasian Herbaria, 2016)
and Europe (Euro + Med, 2016). The distribution of the common ragweed in Europe covers the
area at medium latitude characterized by continental climate started its expansion from two
centers southwestern France and southwestern Hungary and meaning a current problem from
both agricultural and public health aspects (Makra et al. 2004).

Since in the last 20-25 years the number of ragweed pollen has dramatically increased, it
would be important to get global attention and find the optimal control against the rapid spread
of the plant caused by extraordinary plant-adaptability, a large proportion of derelict land areas,
the absence of specific pest insects and diseases, and not least the development of high-level
resistance against herbicides. Considering the invasion migratory pathways, there is a high risk
for the introduction of herbicide-resistant genotypes from Eastern to Western Europe.

Understanding the genetic control of sex determination during the plant life cycle may
contribute to finding an ecologically safer strategy in the common ragweed control. Flower
development is a complex and accurately coordinated biological and morphological process
consisting of spatial regulation of a considerable number of organ-specific genes during the life
cycle of higher plants (Taiz et al. 2015).

Many genes affecting floral meristem and structure formation were studied extensively
using the model organism, Arabidopsis thaliana (A. thaliana) (Komeda 2004), which is a
monoecious long-day plant with unisexual flowers. Investigated genes discussed in this study
were chosen based on the genetic knowledge of Arabidopsis flowering (Chandler 2011, Irish
2010). Based on Arabidopsis transcriptome analysis the majority of expressed transcripts were
found in the reproductive part of flowers instead of the perianth, reflecting the more complex
anatomy of tissue and cell types within stamens and carpels and major developmental events
such as ovule and pollen formation (Chandler 2011).

Members of the Asteraceae family are characterized by a more complex and modified
floral formula compared to Arabidopsis thaliana. Asteraceae are characterized by capitulum

inflorescence and this flower head can be monogamous or heterogamous (Harris 1999).



The inflorescences are protected by bracts, and their calyx reduced to pappus, scales, or
coronula, have a corolla, stamens are connate and their cypsela fruit type is achene (Katinas et al.
2016).

Therefore, we used the ABC(E) gene sequences of different species from the Asteraceae family
(Gerbera sp.; Helianthus sp.; Tagetes sp.; Chrysanthemum sp.) to determine the flower organ
identify genes (FOIGs).

Due to the adverse effects on human health and weed control technique - mentioned
above - it is of paramount importance to identify genes and pathways that regulate the
development of flower organs and are responsible for pollen production and seed mass.

Next generation sequencing (NGS) is an advantaged technology to capture the diversity
of differentially expressed transcripts in male and female flowers. In the present work, we report
Illumina RNA-sequencing of two developmental stages of female flower compared with male
and leaf transcriptomic data. Differences between expression levels of the above-described
flowering pathways and two gene categories such as MIGs and FOIGs (ABC(E) ortholog -
MADS box genes) identified in each type of flowers are also discussed. This study reports firstly
about the sex-specific floral development in the common ragweed and the underlying genetic
expression pattern. The genetic events of staminate and pistillate inflorescence formation were

investigated through expression analysis in wild-growing and in vitro cultivated plants.
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Objectives of the study

The aim of the present work is to identify genes that control the common ragweed flowering and

their specificity to male and female inflorescence formation.
The aims can be summarized as:

1. Create transcriptome libraries from A. artemisiifolia L., early and late developmental stages of

male and female inflorescences.

2. ldentify the coding sequences and the expression level of flowering related genes of A.
artemisiifolia L. inflorescences: Meristem ldentity Genes (MIGs), Floral Organ Identity Genes
(FOIGs), and Transcription factors (TF). Validation of tissue specific genes with RT-qPCR

technique.

3. Determine the coding sequences and the expression level of the specific floral organ, ABC(E)

genes during floral development.

4. Screening and identify of gender specific genes in male and female inflorescences and

determine their expression level.

5. Determine the biochemical pathways that regulate male and female flower formation.
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Chapter 1
Background

1.1. Description of Ambrosia artemisiifolia L.

1.1.1. Taxonomy and morphology

Ambrosia artemisiifolia L. (common or short ragweed, 4. artemisiifolia) is a monoecious,
anemophilous plant (Fig. 1.A) from the Asfteraceae family and tribe Heliantheae (Chase et al.
2016; Essl et al. 2015). Common ragweed is an annual herb, which grows up 20-150 cm high
(Fig. 1.B). The plant is characterized by erect, branched hairy stem with various shaped leaves
(So6 1970, Béres et al. 2005). Cotyledons of the seedling plant are bald, elliptical with obtuse
apex (Fig. 1.C). Leaves mostly opposite, alternate above, deltate to lanceolata or elliptic deeply
pinnatifid, the upper leaves margins are often entire, the surface is finely hairy and gland-dotted

(So6 1970, Essl et al. 2015).

Figure 1. Common ragweed A- Inflorescence of common ragweed, B- Adult flowering common
ragweed, C- Ragweed seedlings with cotyledons and two mature leaves D- Male inflorescences

of common ragweed.
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Common ragweed is cosexual plant with a highly modified flower structure. It produces
separate male and female flower heads in the same individual (Lloyd 1984). This modification in
Asteraceae family is due to wind pollination (anemophily) and observed in the genera /lva,
Dicoria, Euphrosyne, Hymenoclea, and Xanthium (Payne 1963). This gender system shows 5 %
occurrence in sexually reproducing flowering plants mainly in gymnosperm pines and plants
with catkins indicating an ancestral angiosperm state (Renner and Ricklefs 1995). Staminate
heads cluster racemelike and increase and maturing acropetally (Payne 1963). Several male
flowers are located in one staminate head (Fig. 1.D). Different data on the number of male
flowers in a male staminate head can be found in the literature, Hegi (1906) 10-15, Bassett and
Crompton (1975) 10-100 and Essl (2015) referred 9-39 flowers. Orientations of male flowers
tend to be downwards; thus, the pollen falls into the air (Payne 1963). The phyllaries are laterally
connate together to form a saucer-shaped involucre (Fig. 2.A). Trichomes can be observed on the
surface and margin of the phyllaries (Fig. 2.B). The diameter of the staminate head is usually 2
to 3 mm. The inflorescence is open, flowers are arranged in a spiral and developing from the

margin to the central (Fig. 2.C).

Figure 2. Male inflorescences of Ambrosia artemisiifolia L. A- Bottom-view of a campanulate

involucre with connate phyllaries, M= 12x; B- Trichomes on involucre, M= 20x; C- Flowers in
different developmental stages in the male inflorescence, M= 10x. M: magnification.
Abbrevations: A — anther, C — corolla, Cla — claws, Inv — involucre, Phy — phyllaries, Pis —

pistillodium, Tri — trichoma.
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In case of optimal weather conditions in one staminate head, flowers can develop
continuously. The number of flowers (10-25) observed at one time is not the same as the total
number of flowers, as the buds are continuously formed, up to a hundred flowers can develop
during a growing season. The size of the male flower is various, from about 1 to 2 mm long. The
male flowers have a 5-lobed corolla, in which the fused petals are well visible (Fig. 3.B). On the
surface of the corolla small glands, also known as colleters, can be observed. Colleters secrete a
sticky resinous substance, which protects flowers from dehydration and infection (Fig. 3.A-D)
(Darok 2011). After pulling off the corolla, the stamens become free and can be observed the
flattened anthers (Fig. 3.D) (Matyas et al. 2020). The claws at the top of the anthers (Fig. 3.C-E)
weakly hold the anther ring together until the time of pollen discharge.

Figure 3. Parts of male flower of Ambrosia artemisiifolia L. A- Male flower bud with five-lobed
corolla covered by colleters, M= 19x; B- Male flower bud from top view M= 45x; C- Blooming
male flower, M= 17x; D- Stamens and pistillodium clearly visible after removal of corolla, M=
34x; E- Stamens with claws, M= 74x. M: magnification. Abbrevations: A — anther, C — corolla,

Cla — claws, Col — colleter, Fil — stamen, Pis — pistillodium.
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In male flowers can be observed a strongly reduced and modified pistil, called
pistillodium (Fig. 4.A). The shape of the pistillodium is tubular, with brush-like hairs at the top
(Fig. 4.B-C). After primary pollen discharge, the pistillodium begins to grow and pushes the
remaining pollen out of the anther ring, thus providing a secondary pollen supply (Payne 1963).

Figure 4. Pistillodium A- Pistillodium in a blooming male flower, M= 18x; B- Dissected

pistillodium, M= 32x; C- Pistillodium from top view, M= 55x. M: magnification.

The female flowers are one or two flowered and are inconspicuously situated below the
male ones, in the leaf axils (Bassett and Crompton 1975). Pistillate heads are often not solitary
they develop continuously in the protection of bracts (Fig. 5.A). In the axils of one leaf, 3 to 6
female inflorescences can develop over several weeks. The female flowers range from 2 to 5 mm
in length (Matyas et al. 2020). The pistils are relatively long and the inner surface covered with
papillose (Fig. 5.A-D). The pistil is surrounded by a vase-shaped organ, which is formed from
the fusion of phyllaries. The surface of the phyllaries is covered with trichomes and spikes can
be observed on the tips (Payne 1963). After maturation the inner part of the woody fruiting
involucres, mononuclear achene is formed (Fig. 6.A-B).
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Figure 5. Female inflorescences of Ambrosia artemisiifolia L. A- Female inflorescences; a
mature and fertilized inflorescence in the middle, and juvenile inflorescences visible to the right
and left of it (indicated with arrows), M= 15x; B- Female flower in early developmental stage,
M= 16x; C- Female flower with mature stigmas M= 9x; D- Fertilized female flower, with
withered stigmas, swollen core and tubercles, M= 8x. M: magnification. Abbrevations: B — bract,

Cor — coronula, Phy — phyllaries, St — pistil, Tri — trichoma.

gt
0.10mm

Lens: 700:X50 SEIed

Figure 6. A- One-seeded syconiums (image recorded with a digital microscope); B- Achenes

recorded with a digital microscope (with sandpaper particles on their surface).
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1.1.2. Reproduction biology

Freshly matured seeds have dormancy during the autumn and this can be eliminated by 6
to 12 weeks of stratification. Under the field conditions in continental climate the main
germination period lasts from April to May, even after this period the germination remains until
the first frosts, but less intense. Dry and warm weather can induce secondary dormancy (Bazzaz
1979). Seeds germinate in light and dark as well, but light stimulates the germination. Seeds may
lose their germination capacity on the soil surface in four years, but in deeper layers, they remain
to germinate for a long time (Béres et al. 2005). The germination time determines the biomass
and the seed production of the individuals. Flowering time is influenced by germination time and
average temperature (Béres 1993). Photoperiodic length determines the development of flowers,
after the days have shortened, primordia of flowers appear, and therefore it is called a short-day
plant (Allard 1943). The first male flowers appear between mid-July and early August, while the
female flowers develop about two weeks after the male (Bassett and Crompton 1975, Brandes
and Nitzsche 2006; Ziska et al. 2011). Under rising temperature and low humidity conditions
anthers open at morning times (Martin et al. 2010). As a result, pollen grains desiccate and can
easily disperse in the air. Pollen production varies between 0.1 and 3.8 billion (Fumanal et al.
2007) that depends on the plant size. The size of pollen grain diameter is 18 - 22 um
(Taramarcaz et al. 2005). During vegetation period active pollen spraying is from August to the
end of October. Seed production of medium-sized and large individuals are 3.000 and up to

60.000, on average (Dickerson and Sweet 1971).

1.1.3. Origin and Distribution

Species of the Ambrosia genus come from North America and their gene centre is
localized in the Sonora desert (Bohar 1996). The intensive spread of the common ragweed dates
in Europe in the second half of the 19th century. The first record of its appearance was in 1893,
Germany (Hegi 1906). According to some assumptions, the common ragweed seeds arrived in
Europe with grain shipments at several stages after the I World War (Makra et al. 2005). The
most infected areas are located in Northern Italy, in the Rhone Valley and in the Carpathian

Basin (Jager 2001, Béres 2003).
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Nowadays the proportions of infected areas are constantly increasing, and it is present in a large
amount in the Alpine and Baltic countries (Kazinczi et al. 2008). Scalone and colleagues found
that in Europe, from latitude 51° N to latitude 59° N, it was better adapted to light and
temperature conditions than on the North American continent (Scalone et al. 2016). Storkey and
colleagues predict the extent of the spread of the common ragweed in Europe to 2050 using the
Sirius 2010 plant growth simulation model, considering climate change scenarios. Their results
show that the species spread northwards, mainly to the UK and Denmark, while in the southern
countries, coverage will not change due to the stress effects of drought (Storkey et al. 2014) (Fig.
7).

1 U0
U1
co
CA1
E.0
E.1

Figure 7. Distribution of Ambrosia artemisiifolia (common ragweed) in Europe under climate
change as predicted by the process-based model. A- Using HadCM3 (A1B) scenarios for near
future 2010-2030 and B- long-term future 2050-2070. The categories are: U.0 - highly
unsuitable, U.1 - unsuitable, C.0 - casual (less likely), C.1 - casual, E.O - established, E.1 - well
established. doi: 10.1371/journal.pone. 0088156. g003

Recent research based on herbarium specimens from Orsova and Herculesflirdd suggests
that the first appearance in the Carpathian-Pannonian region of this species dates at 1907
(Csontos et al. 2010). More individuals were detected in the 1920s in the southern part of
Somogy county (Lengyel 1923). After adapting to climate conditions, it was spread to the
northeast way in the whole country (Timar 1955). The data of the National Weed Surveys
(NWS, Hungary) also well reflect the intensity of the spread of this species.
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At the time of the first NWS (1947-1953), it was ranked as 21st, with 0.39% coverage of the list
of the most common weeds, and after fifty years it was ranked as first (4th NWS, 1996-1997)
with 4.7% coverage (Novak et al. 2009) and its coverage was 5.33% in 2011 (Novak et al. 2011).
Based on this data, its spread is constantly growing. In addition to its excellent adaptability,
wrong cultivation practices can also contribute to its spread in Hungary (Palmai 2009).

Matyas et al. studied ragweed populations in the Carpathian Basin, and their results showed that
common ragweed should be a metapopulation in which populations are not separated and there is
a continuous gene flow between them due to random hybridization of individual plants (Matyas
et al. 2012). Domonkos et al. monitored the distribution of common ragweed in Csallok6éz and
Szigetk6z using Geographic Information System (GIS) tools. They found that its spatial
occurrence was not homogeneous, ragweed-free and heavily infested areas can also be found in

each region (Domonkos et al. 2016).

1.1.4. Economic and human impact

Common ragweed has been in prominence of research over the past 50 years due to its
rapid spread and allergenic effects. Lehoczky (2004) and Lehoczky et al. (2012) show that the
adaptability of this species is high and it appears almost everywhere, except in extreme
conditions (Lehoczky 2004), (Lehoczky et al. 2012). According to Skalova et al., this species is
the dominant weed at train stations, in ports, next to stables, in agricultural and industrial areas
(Skélova et al. 2017).

Lehoczky (2004) studied ragweed shoot and root mass ratios at different nitrogen levels.
It produced the highest shoot and root mass on soils with a nitrogen supply of 100-300 mg/kg,
and it was found that ragweed can tolerate a very high nitrogen content of 400 mg/kg soil and
blooms even under unfavourable, nutrient-deficient conditions (Lehoczky 2004). This species is
an effective competitor that may cause a high yield reduction in agricultural crops.

It was monitored that in maize culture 26 plants/m? density of common ragweed caused 70%
(Varga et al. 2000), in sunflower culture 10 plants/m? caused 30% (Kazinczi et al.2009) and in
sugar beet culture 5 plants/m? caused 50% (Bosak and Mod 2000) yield reduction. In addition,
common ragweed problem becomes more difficult, because of the occurrence of new herbicide-
resistant biotypes such as plants resistant to PSII, ALS, PPO, EPSP synthase inhibitors and

several individuals with multiple resistance.
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Currently, herbicide resistance in common ragweed has been described in the mentioned 4
herbicide groups, from the 25 inhibitor groups which are registered on the International
Herbicide-Resistant Weed Database (Taylor et al. 2002, Tranel et al. 2004, Zheng et al. 2005,
Saint-Louis et al. 2005, Brewer and Oliver 2009, Rousonelos et al. 2012, Heap 2020).

The highly allergenic pollen of the common ragweed causes serious problems in the
health care. An average-sized plant can produce eight billion of pollen in 2-3 months from
August to October. Pollen may spread long distances by the wind, pollen grains were found at
5000 meters and 160 kilometres from the mainland (Jarainé 2003). Clinical studies show that 10,
7% of the European population can be sensitized with Ambrosia pollen (Burbach et al. 2009) that
may cause allergic rhinitis, asthmatic symptoms, and dermatitis or phytophotodermatitis
triggered by the direct contact of the plant itself (Epstein 1960, Hjorth et al. 1976). Twelve
allergens have been described among which the major pollen allergen, Amb a 1 belongs to the
pectatelyase protein family (Adolphson et al. 1978; Gadermaier et al. 2008). Pectate lyase
enzymes are the most aggressive proteins from the surface of the pollen grains (Juhasz 2012)
these enzymes are responsible for degrading cell walls and are also found in other parts of the
plants (Marin-Rodriguez et al. 2002). Due to cross-allergy, it is important to mention that the
enzyme pectate lyase is found not only in pollen but also in the fruits of many species, such as
tobacco (Nicotiana tabacum) and tomato (Lycopersicon esculentum), mouse-ear grass
(Arabidopsis thaliana), rice (Oryza sativa) and strawberry (Fragaria ananassa) (Egger et al.
2006). In vitro allergen study showed that 90% of patients responded to Amb a 1, while
sensitivity to other ragweed allergen molecules ranged from 20 to 35% (Asero et al. 2006). An
additional problem that global warming may amplify the common ragweed invasion such as
average temperatures and higher CO> concentrations increase of ragweed biomass and higher

pollen production (Ziska et al.2003).

1.2. Regulation of flowering

The main purpose of plant life is a reproduction. To achieve a reproductive state, they
undergo several changes that are determined by both external and internal influences. In our
studies, genes of the photoperiodic, vernalization, and hormonal (gibberellic acid) signaling

pathways and genes associated with flower and flower organ development were examined.
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1.2.1. Environmental and endogenous pathways that regulate flowering

The dynamic process of flowering in A. thaliana is induced from different pathways

through the integration of environmental (photoperiodism and vernalization) and endogenous
(hormonal regulation) signals. These signals trigger a complex system of interacting genes and
proteins with repressor and activator roles influencing one another. Corbesier and colleagues
identified a floral inducer FLOWERING LOCUS T (FT) playing an integral role between the
different pathways (so-called mobile ‘floral integrator’), that determine the floral development
(Corbesier et al. 2007).
In angiosperms, the circadian clock regulates floral induction in response to seasonal changes. In
most cases, the day-length as the main factor of photoperiodism may affect the flowering in
plants. For example, Cannabis sp., Gossypium sp., Xanthium sp. respond to short day (SD) signal
however A. thaliana, Avena sp., Lolium sp., Trifolium sp. respond to long day (LD) signals. In
photoperiodic sensing there is a critical role of the CO gene. Its gene product the CONSTANS
protein is stabilized by light and initiates a complex interaction with inducers and repressors and
binds to the FT promoter. Such a way it may upregulate the floral inducer F7 mRNA in long-day
conditions, when the circadian clock-controlled expression peak of CO in the evening coincides
with daylight (Putterill et al. 1995, Samach et al. 2000, Song et al. 2010, Wigge et al. 2005).

To induce flowering during long-day lighting conditions the CO protein activate the F7-
mRNA in long-day plants, however in the same conditions there is a repression process in short-
day plants regulated by a light-stabilized CO ortholog Hdl, that repress the FT ortholog
HEADING DATE 3 (Hd3a) (Hayama et al. 2003). With the illumination of far red and blue (late
afternoon lightening conditions, daylight >700nm) translation and stability of CO is regulated by
PHYTOCHROME A (PHYA) and CRYPTOCHROME (CRY) via repressing degradation of CO by
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and SUPPRESSOR OF PHYA proteins
(SPA) (Jang et al. 2008, Laubinger et al. 2006, Yu et al. 2008).

PHYTOCHROME B (PHYB) facilitates degradation of CO in the morning and delays
flowering (Song et al. 2013). FLOWERING LOCUS C (FLC) is an epigenetically controlled
suppressor to inhibit floral induction in the vernalization pathway during the autumn period
(Amasino 2010. In this period the prolonged cold exposure (10°C to -1°C), called vernalization,
is required for the plant meristem to be competent to respond to floral induction conditions

(Simpson and Dean 2002).
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This is important to prevent flower development during the winter months when low
temperatures may cause serious damage in floral tissue and most pollinators are absent. High
level of FLC mRNA is maintained by FRIGIDA (FRI) (Gazzani et al. 2003, Michaels and
Amasino 2001) leading to transcriptional downregulation of the floral activators SUPRESSOR
OF CONSTANS OVEREXPRESSIONI (SOC1), FLOWERING LOCUS D (FD) and FT.

FLC proteins bind directly to the promoters of SOC!I and FD and a region in the first intron of
FT, inhibiting the transcriptional activation of these genes and subsequent floral transition
(Helliwell et al. 2006, Searle et al. 2006).

Vernalization mediates repression of FLC expression by transcriptional and epigenetic
routes. VERNALIZATION INSENSITIVE 3 (VIN3) plays a central role in vernalization by
mediating the initial transcriptional repression of FLC (Sung and Amasino 2004). However, due
to its transient expression, it cannot maintain repression of FLC, which is then maintained by
Polycomb Group complexes containing VRN1 and VRN2 throughout development. Stable
repression of FLC requires specific methylation and deacetylation of histones around the FLC
promoter. Upon receiving the above-described signals, under appropriate conditions, floral
meristem identity genes (FMIGs) and the homeotic floral organ identity genes (FOIGs) are
regulated by additional pathways. The upregulation of LEAFY (LFY) and APETALAI (API)
(FMIGs) evocates a cascade that regulates FOIGs expression (Mandel and Yanofsky 1995,
Weigel and Nilsson 1995) toward floral whorl formation. LFY interacts with several homeotic
genes to control their expression and therefore it is directly involved in the determination of
floral architecture. Based on positive or negative regulation effect FMIGs can be divided into
two distinct classes. The first class - such as LEAFY, APETALAI, and CAULIFLOWER -
promotes flower meristem identity.

The second class such as TERMINAL FLOWER (TFL1) has the opposite effect and maintains
the identity of inflorescence shoot meristems.

Hormonal regulation of reproductive development is highly dependent on the gibberellin
signal and may vary among different species. Gibberellin involvement in floral initiation,
therefore is more complex. While gibberellins (GAs) promote flowering in some LD and
biennial species, their effects in other species are absent or may inhibit flowering of some

perennials.
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In the case of SD plants, the photoperiod flowering pathway is not decisive, therefore the GA
pathway plays a major role and becomes significant. GID (GA INSENSITIVE DWARF)
proteins - encoded by GIDI1A4, GIDIB - are soluble GA receptors and bind with high affinity the
biologically active GAs, whose active state is catabolized by 2-beta-hydroxylation of GA 2-
oxidases (GA20Xs). During flowering in response to GA, GIDs interact with specific DELLA
proteins (e.g., GAI), known as repressors of GA-induced growth, and target them for degradation
via proteosome (Griffiths et al. 2006). In case DELLA interacting with the MYC3 transcription
factor, which is an FT suppressor, preventing the LD plants from precocious flowering under
SDs (Bao et al. 2019). In addition, DELLASs can directly interact with the flowering repressor
FLC and promote its repressive function (Li et al. 2016). Gibberellin activates several GAMYB
transcription factors that positively regulate the LFY expression, and stimulates SOC! through
several pathways. It promotes the expression of genes that induce SOC/ and at the same time
represses the inhibitors of flowering, such as SVP (Li et al. 2008, Achard et al. 2004).

During the processes of floral transition, the cytokinins have an important role as part of
hormonal regulation. It was demonstrated experimentally that the response to cytokinin
treatment does not require FT, but activates its paralogue TWIN SISTER OF FT (TSF), as well as
FD, which encodes a partner protein of TSF, and the downstream gene SOC1 (D’Aloia et al.
2011).

1.2.2. Floral architecture formation —~ABC(E) genes

Floral organ identity determination is regulated by three classes of homeotic genes
(FOIGs, encoding the A, B and C functions). The ABC(E) combinatory model (Coen and
Meyerowitz 1991) predicts that these classes act alone or combinatorically to give rise to sepals,
petals, stamens, and carpels. The activities of class A such as APETALA (AP1, AP2), class B
such as APETALA3 (AP3), PISTILLATA (PI), and class C such as AGAMOUS (AGQG) are active
in two adjacent whorls where their individual and combined activities specify the fate of organ
primordia. A alone (whorl 1) specifies sepals, C alone (whorl 4) specifies carpels, and the
combined activities of AB (whorl 2) and BC (whorl 3) specify petals and stamens, respectively.
(The A and C activities are mutually antagonistic, such that A prevents the activity of C in the

outer two whorls, and C prevents the activity of A in the inner two whorls.
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The C activity is also required for floral determinacy: if the C activity is absent, an indeterminate
number of floral whorls develop (Pelaz et al. 2000). SEPALLATA (SEPI1, SEP2, SEP3, SEP4)
genes form an integral part of models that outline the molecular basis of floral organ
determination and are hypothesized to act as co-factors with ABC(E) floral homeotic genes in

specifying different floral whorls (Fig. 8.).

ABC(E) model

Sepals Petals Stamens Carpels

Figure 8. The ABC(E) model of flower development in Arabidopsis thaliana. The upper part of
the figure indicates a schematic drawing of the flower meristem. The middle part indicates the
single or combined effect of each transcriptional regulatory factor. The lower part indicates the

mature flower. www.dev.biologists.org
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1.2.3. Male and female candidate genes

To validate our transcriptome libraries, we used sex-specific genes described in the
literature previously. The transcription factor ABORTED MICROSPORES (AMS) (Lou et al.
2014, Xu et al. 2010) and genes such as LESS ADHERENT POLLEN3 (LAP3) (Dobritsa et al.
2009), LESS ADHESIVE POLLENS, and LESS ADHESIVE POLLENG (LAP5, LAP6) (Dobritsa
et al. 2010) encode anther-specific proteins required for pollen exine development, so-called
male candidate genes (Rocheta et al. 2014). MALE SPECIFIC EXPRESSION 1 (MSEI), is
specifically expressed in male flowers. It is essential to early anther development (Murase et al.
2017). Expression of POLYGALACTURONASES (PGl and PG2) and PECTIN
METHYLESTERASE (PME) are characteristic in the tissues of mature pollen grains after
microspore mitosis (Futamura et al. 2000). Female candidate genes such as filamentous floral
proteins AXIAL REGULATOR YABBY1 and YABBY4 (YABI1, YAB4) (Meister et al. 2002,
Siegfried et al. 1999, Villanueva et al. 1999) and transcription factor AINTEGUMENTA (ANT)
(Elliott et al. 1996, Klucher et al. 1996, Long and Barton 1998) are relevant in pollen
recognition, ovule formation and embriogenesis identifying pistillate tissues. STIGMA
SPECIFICI1 (STIGI) protein was found also as a female candidate in Quercus suber described

by Rocheta et al. (Rocheta et al. 2014). (Functional descriptions are summarized in Table 1-2).

1.3. Methods used to identify flower development genes and study for gene expression

1.3.1. New generation sequencing methods

Next-generation sequencing (NGS) technology allows all genome and transcriptome
analysis of different species and individuals. This high throughput technology results in a large
amount of data. In the case of RNA sequencing (RNA-seq) it provides comprehensive
information on the expression of all genes at the time of sample collection (Wang et al. 2009).
Using RNA-seq we can reconstruct the entire transcriptome based on a reference genome or de
novo assembly (Garber et al. 2011). The degree of reading abundance may provide information

on the gene expression at the transcriptome level.
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The RNA-seq has already been used to identify flower development genes and mechanisms, not
only in species with a model flower system but also in species with other floral gender systems,
such as Cucurbitaceae, Quercus spp., Zea mays, Salix sp. (Ueno et al. 2010, Rocheta et al. 2014,
Du et al. 2020, Forestan et al. 2020, Liu et al. 2013).

1.3.2. RT-gPCR

RT-gPCR is an excellent method to validate high-throughput results and quantify gene
expression due to its sensitivity and specificity (Chuaqui et al. 2002; Czechowski et al. 2005; Die
et al. 2010). Normalization of RT-gPCR is required, which can be done using a reference gene
expressed at a constant level (Radonic et al. 2004; Huggett et al. 2005).

Several reports have shown that there are no generally applicable unchanged reference genes, for
different species and RNA samples (Czechowski et al. 2005; Gutierrez et al. 2008; Bustin et al.
2015; Artico et al. 2010), so preliminary tests should be performed to select the reference gene

before each experiment.

1.3.3. Bioinformatics methods

Contigs of transcripts generated during RNA-seq can be identified by the BLAST method
based on homologous sequences in public databases (NCBI, UniProt).
Based on the results of genome sequencing, it can be stated that the biological function most of
the genes is the same in eukaryotes. Therefore, the goal of the Gene Ontology Consortium was to
create a dynamic, controlled vocabulary that will apply to most target organisms. Ontologies are
(http://www.geneontology.org): biological process, molecular function, and cellular component.
A biological process describes the biological role of a gene or gene product. This biological
process can take place in several steps and undergo a chemical and physical transformation.
Molecular function refers to the biochemical activity of a gene product and also shows what it
potentially carries. The cellular component shows where the product of that gene is active
(Ashburner et al. 2000).
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Chapter 2
Materials and methods

2.1. Plant materials and cultivation conditions

The RNA-seq experiments were based on common ragweed samples from four bulked
individuals. Seeds were collected from Cserszegtomaj, Zala county, Hungary (GPS: 46.79528,
17.26005) and were surface sterilized for 1 min in 70% (v/v) ethanol and washed with tap water
for 23-30 min, followed by dipping in a 7% solution of calcium hypochlorite with TWEEN 20
for 20 min, and rinsing three times with sterile distilled water. The sterilized seeds were then
germinated on MS medium (Murashige and Skoog, 1962) with 0.3 mg/l metatopolin hormon
supplemented with 2% sucrose/litre and solidified with 0.8% phytoagar. The pH was adjusted to
5.8 prior to autoclaving at 120 °C for 20 min. All the cultures were maintained at 25 °C under a
16/8 light/dark photoperiodic regime with a light intensity of about 2400 to 2800 lux. Node
segments (1.5 -2 cm long) were excised from 21- day-old plants and transferred to the above
described MS medium.

Nine developmental stages of female flowers were collected from 12 in vitro cultivated
individuals of common ragweed. The classification of the different phenological phases was
based on visual observation (Fig. 9.). For RNA-seq two categories of nine phenological phases
(1F and 2F) were established and combined such as early 1F (Fig. 9.A-C) and late 2F (Fig. 9.G-
I) developmental stages. Male flower buds were collected from genotypes used in F, M, L
transcriptomes (Virag et al. 2016). For gene expression comparisons we used 1M and 2M
libraries as indicated in Fig. 9. (J-L, 1M; P-Q, 2M). To equal distribution, we determined the
weight of the samples from each developmental stage (Appendix 1.).

Along with RT-gPCR analysis, we used four additionally wild-growing genotypes (collected in
Keszthely, Zala county, Hungary, GPS: 46.7654716, 17.2479554).
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Figure 9. Developmental phenophases of female and male flowers used for RNA-seq. Symbols:
Female flowers (F) and male flowers (M). For RNA extraction for A. artemisiifolia reference
sequence the pool of F (A-1) and M (J-Q) of wild-growing samples were performed, separately.
In order to obtain pistillate specific transcriptomes during floral organ formation, RNA
extractions were performed from in vitro samples from F (A-C) and F (G-I), wild-growing
samples from M (J-L) and M (P-Q) such as early and late developmental stages. Photo: Csaba
Pintér (2013)

2.2. RNA-seq library construction and sequencing

Samples were frozen in liquid nitrogen immediately after collection. RNA extraction and
on-column DNase digestion were performed from each category using TaKaRa Plant RNA
Extraction Kit (Takara Bio Inc; Japan) following the manufacturer’s instruction. RNA integrity
and quantity were assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies; USA).

2.0 pg of total RNA from 1F, 1M, and 2F, 2M samples were used as starting material for cONA

synthesis and library construction.
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Enrichment of mMRNA, cDNA synthesis, and library preparation for Illumina NextSeq paired-end
sequencing were carried out using TruSeq™ RNA sample preparation kit (Low-Throughput
protocol) using an oligo(dT):s as described by Virag et al. 2016.

The RNA-seq was performed using the Illumina NextSeg5000 system. Raw sequence
data in FASTQ format were deposited in the NCBI SRA database under the accession
SRR5965731 (1F) and SRR5965732 (2F). We used 1M and 2M for gene expression comparison
in the case of investigated genes. 1M and 2M transcriptome datasets have not yet been uploaded
to the NCBI database, and their analysis will be published elsewhere. Sequence reads of male
inflorescence (M), leaves (L), and female (F) inflorescence containing all nine developmental
stages were used from earlier reported and deposited data in National Centre for Biotechnology
Information's (NCBI) Sequence Read Archive (SRA) under the accession SRP08007 (Virag et
al. 2016).

2.3. Construction of A. artemisiifolia transcript datasets, identification of
differentially expressed (DE) sequences and filtering female, and male specific
transcripts

During preprocessing, raw reads quality was examined using the FastQC quality control
software (Andrews 2010). Based on FastQC report, sequences found to be represented more than
0.1% of the total and low-quality bases (corresponding to a 0.1% sequencing error rate) were
removed and trimmed using a self-developed application ‘GenoUltils’ written in Visual Studio
integrated development environment in C#. Conversion of .fastq to .fasta files was also
performed using this in-house application.

A sample-specific multiple assemblies of cleaned reads from seven libraries (M, L, F, 1F,
2F, 1M, and 2M) were performed. De novo assembly of each sample type was performed by
using Trinity (Haas et al. 2013). For reference, guided alignments Bowtie2 short read aligner
(Langmead et al. 2009) was applied. The assembly strategy was performed in a way with taking
into account the refinement of female and male tissue-specific sequences in both developmental

classes as the final outcomes.

29



First, a combined read set was assembled from the three sample libraries (M, F, and L) to
generate a ‘reference’ de novo transcriptome assembly that was deposited in the NCBI TSA
database under the accession GEZL00000000 and reported in our previous study (Virag et al.
2016). During this process, reads with a certain length of overlap were combined to form contigs
(kmer size, K, = 25). This combined dataset was used as a reference shotgun assembly in the
further alignments. In order to perform sample-specific expression analysis, we screened the
differentially expressed sequences by aligning the original sample reads to the reference
followed by abundance estimation using RSEM (Li and Dewey 2011).

The resulting differentially expressed transcripts were further clustered according to their
expression patterns by applying Microsoft SQL Server Management Studio. Protein coding
regions were extracted from the reference assembly using TransDecoder and further
characterized according to likely functions based on sequence homology or domain content
using BLAST+ (Altschul et al. 1990). In this way coding sequences (CDS) as unique transcripts
of each seven samples were screened and compared. Separately, de novo assemblies of 1F, 2F,
1M, and 2M libraries were performed using Trinity and deposited in the NCBI TSA database
under the accession GFWB00000000 (1F) and GFWS00000000 (2F). Using these reference
contig sets 1F and 2F unique transcripts were realigned applying BLASTn with E value less than
10°. The resulting narrowed and specified sequences were annotated using NCBI nr protein

database.

2.4. Selection of genes for floral transcriptome characterization

Genes representing different floral regulatory pathways - stimulated by environmental
and endogenous signals - were selected to characterize genetic events during male and female
floral development. Architecture formation wasanalized by determining ABC(E) genes
expression pattern at generative growth (differences in FOIGSs). Genes that enable and promote
floral meristem initiation during vegetative growth (FMIGs) such as photoperiodic,
vernalisation, gibberellin pathway and flower development genes (Fig. 10., Fig. 11.) were also
investigated in both wild-growing and in vitro samples. Normalized expression of selected genes

was performed digitally and expression values were compared.
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2.5. Digital gene expression analysis

The obtained reads from each library were mapped to the selected gene CDSs by using
Bowtie2. The mapped reads were used to estimate the transcriptome level by the reads per

kilobase per million mapped reads (RPKM) method (Mortazavi et al. 2008):

CDS read count * 10°

RPEM =
CDS length = total mapped read count

In this equation, CDS represent the coding sequence of the investigated gene. Read count means
the mapped reads from the total. CDS length is the nucleotide sequence length of the coding
region of the investigated gene and total mapped reads are the total raw reads of a given cleaned
library. For automatic calculation of RPKM values of genes, a self-developed pipeline as module

of GenoUtils were applied.

2.6. Gene expression analysis with RT-gPCR amplification

Reverse transcription was performed starting from 1 pg total RNA using Maxima H
Minus First Strand ¢cDNA Synthesis Kit with dsDNase (Thermo Scientific) according to the
manufacturer’s protocol, using an oligo(dT):s and random hexamer primers (Thermo Scientific),
the final volume was 20 pl. cDNA (1 pl) was used for real-time PCR amplification on a Bio-Rad
CFX96 System. qPCR analysis (and efficiency) was performed with 1ul of cDNA on a Bio-Rad
CFX96 System using Xceed qPCR SG Mix (Institute of Applied Biotechnologies). The relative
gene expression was calculated with AACt method using Bio-Rad CFX Manager™ Software
v3.1. Primer efficiency was analyzed with CFX Manager™ Software v3.1 (Bio-Rad). PCR was
performed as follows: an initial activation of the polymerase enzyme at 95 °C for 2 min was
followed by 46 cycles at 95 °C 5 sec, 59 °C for 30 sec, ended with a 5 sec melt analysis ranging

between 65-95 °C with 0.5 increments.
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Primers (Appendix 2) were designed with Primer3 (Koressaar and Remm 2007, Untergrasser et
al. 2012) based on in silico sequence prediction of CDS.

Gene expression analysis was established based on three technical and biological
replicatesand normalized with the reference gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Hodgins et al. 2013). In a pilot experiment, GAPDH was selected as a reference gene.
In this investigation based on the literature CDS of fifteen housekeeping genes were determined.
Subsequently, the relative expression levels were determined in three sample types (L, M, F)
where six reference genes showed the same level, respectively. Among the equally expressed
genes, three reference genes (GAPDH, TUA, TUB) were selected for RPKM value calculation
(Appendix 3.) and PCR experiments.GAPDH was the most characteristic along with these
investigations. Based on RPKM values GAPDH expression referred to an equivalent level order

of magnitude level in each library ranging from 2480-4914.

2.7. Annotation of DE transcripts

Whereas A. artemisiifolia floral transcriptome was a newly targeted transcriptome the
annotation procedure was performed as described by Haas and colleagues (Haas et al. 2013).
Potential coding regions within reconstructed transcripts that were insufficiently represented by
detectable homologies to known proteins were predicted based on metrics tied to sequence
composition by applying TransDecoder include with Trinity.

Running this application on the Trinity-reconstructed transcripts the candidate protein-
coding regions could be identified based on nucleotide composition, open reading frame (ORF)
length, and (optional) Pfam domain content. To predict their functions the latest non-redundant
(Nr) protein database 10/03/2016 (ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nr.gz) were used.
For further annotation of unigenes using various bioinformatics approaches, the unigenes were
firstly searched against the non-redundant database and the Swiss-Prot protein database using
local BLASTX (Gish and States 1993) with an E value cutoff of 10°. With Nr annotation,
Blast2GO (Gotz et al. 2008) was used to get GO annotation according to molecular function,

biological process, and cellular component ontologies http://www.geneontology.org.

32


ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nr.gz
http://www.geneontology.org/

Chapter 3
Results and Discussion

Genetic control of floral morphogenesis is a well investigated field in the model plant A.
thaliana. Using Arabidopsis hermaphrodite flowers and their mutants some genetic models were
established for the structural development of floral organs in which a series of sequential steps
were defined, for review see Krizek and Fletcher (Krizek and Fletcher 2005). As the initial
destination, the floral meristem is regulated through the activation of FMIGs by flowering
pathways. Subsequently, the floral meristem is patterned into the whorls of organ primordia
through the activity of FOIGs. Then the FOIGs activate downstream effectors that specify the
various tissues and cell types that constitute the different floral-organ types. Each of these steps
are under strict genetic network control of positive and negative factors and regulatory elements
interacting at various levels to regulate floral morphogenesis. Using NGS RNA-seq there is a
great possibility to investigate the expression profile of these pathways in non-model organisms
like A. artemisiifolia, where the male and female floral organs grow as separate entities in the
same individual plant. Rocheta and colleagues report on a comparative study revealed a
transcript dataset to be involved in flower and plant development in the monoecious tree
Quercus suber with a similar disjunct gender system where the male flowers form catkins and
female inflorescence grow on young leaf axils separately. This floral transcriptome analysis
revealed a group of genes expressed exclusively in each type of flower gender that may have a
functional role in the sexually different floral organ development and sex specification (Rocheta
et al. 2014).

In this study, we present an RNA-seq approach to get closer to the mechanism of floral
development in A. artemisiifolia using Illlumina sequencing. In order to investigate the
expression distribution of genes taking part in floral morphogenesis, we categorized transcript
datasets of female and male flowers involving whole investigated phenophases (F, M), leaves
(L), and female and male flowers in early and late developmental stages (1F, 2F, 1M, 2M). For
normalized F, M, and L transcript libraries, we used the SRA dataset reported in our prior study

(Virag et al. 2016) provided the first step in the common ragweed floral genomics.
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For 1F, 2F, 1M, 2M libraries early and late categories of phenophases were collected and
sequenced de novo from in vitro and wild-growing plants. This work and related NGS project are
deposited in the NCBI Bioproject under the ID PRINA335689.

3.1. Generating RNA-seq libraries from common ragweed inflorescences

3.1.1. RNA sequencing and assembly of A. artemisiifolia floral libraries

The M, F, and L libraries were obtained through HiSeq2000 platform. Library

construction and assembly were described in detailed in our prior study, Virag and colleagues in
2016. In brief, after cleaning we obtained 18,472,374 (M); 15,290,200 (F) and 17,435,976 (L)
from total raw reads of 24,110,256; 23,264,636 and 24,330,693 (2*100 bp). Assembly of
combined read sets resulted in 229,116 transcripts and 162,494 trinity genes (unigenes) and used
as a reference (Appendix 4.).
A total of 39,664,366 (1F) and 37,127,852 (2F) 2*80 bp reads were generated by the Illumina
NextSeq500 system. High quality (>Q20) bases were more than 91 % in (paired-end) reads of
both samples. The percentage of unresolved bases (Ns) and overrepresented sequences was
observed to be minimal 0.197% and 0.0004% on average. In total of 92% were high quality
sequences from raw data: numerically 36,491,216 (1F) and 34,157,623 (2F). These high quality,
processed paired-end reads were used to assemble into contigs and transcripts. Their de novo
assembly resulted in 109,452 (1F) and 97,239 (2F) contigs.

In comparision, the reference guided assembly led to 40% more contigs 147,457 (1F) and
141,58 (2F), respectively. However, N50 length showed a minor 5-11% dispersion between the
ranges 626.9 — 697.5 in both methods. Sequencing statistics are summarized in Appendix 4. The
identification of differences between the male and female floral transcriptomes was based on in
silico analysis. We performed a local blast alignment by using the determined 80 CDS fasta
sequences (MKO098047- MK088126) against male (M) and female (F) transcriptomes. No
qualitative differences were found among the sequences of commonly expressed genes in two

floral organs.
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3.1.2. Validation of the A. artemisiifolia floral transcriptome

The observed expression differences were validated by investigating the transcript

expression levels of homolog genes responsible for pollen and embryo formation in model
organism A. thaliana. The reliability of the male transcriptome was characterized by
overexpression of the homologs of AMS, LAP3, LAP5, LAP6, MSE1, PME, PG1, PG2.
The female transcriptome validity was justified by overexpression of YABL, YAB4, and ANT
transcription factors. Additionally, we introduced SUPERMAN (SUP, MK098096, GO:0003676),
Transcription repressor MYB5 (MYB5, MK098099, GO:0003677), Transcription repressor
MYB61 (MYB61, MK098101, GO:0003677) and Protein BRANCHED2 (TCP12, MK098098,
GO0:0003700) as female candidate genes based on our filtering by Microsoft SQL Server
Management Studio. These regulators are involved in plant and floral tissue development, but
their role during sex determination is still unclear. Expression differences and function of organ-
specific genes are summarized in Table 1-2. Based on our results, it can be identified that our
libraries are tissue-specific. Ragweed genes homologous to the sequences of the candidate genes
showed the expected expression values in both male and female flowers.

The investigated genes showed differential expression ratios with meaningful results
according to that male tissues were characterized with overexpression of genes taking part in
pollen structural development, fatty acid, and exine constituent biosynthesis during the anther
and pollen differentiation. In contrast, expression of these genes was completely absent in the
pistillate tissues in which ovule polarity, initiation, structural development and embryogenesis
influencing genetic elements (YAB class transcription factors) showed about 67% higher
presence than in staminate samples.

The non-exclusive occurrence of these sequences in pistillate flowers may be explained
by the contribution to setting up the polarity in stamen may be through their action in supporting
the development of the floral meristem or/and regulating margin growth (Eshed et al., 2004) that
was observed also in all lateral organs (Siegfried et al. 1999, Chen et al. 1999). Additionally, the
validation method was confirmed through the very low incidence of candidate sequences in leaf

transcriptomes.
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Table 1. Function and expression values of male candidate genes selected to validate floral

transcriptomes.
Function Normalized
Gene Encoded . References expression
homolog | protein (UniProt :
description) M L F
Male candidate genes
AMS - Regulates male Xu etal, 2010;
T pion, | e ol 8,91 | 044 | 052
factor EN 48
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Draten Sﬁgﬁzgopﬁ Dobritsa et al.
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synthase-like 13
development
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LAPS polyketide Required for pollen Dobritsa et al 6,65 [0 0
synthase B development and 2010:
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synthase A
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protein the exudate secretion
onto the stigma
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pr the secretory
pathway.
Plays an important
role in growth of
pollen tubes. Involved T
PME Pectinesterase | in anther development ' 6,33 (042 |0
: 2000
and play role in
tapetum and pollen
development.
Exhibits tight linkage
Putative Wil X ;
. chromosome, specific
Cophcated expression in early
MSEI homeodomain- pr % Muraseetal 2017 [ 7,12 (041 |0
i Family anther development
:t:;pﬁ © | and loss of function
i on the X
chromosome.

STIG1 were found as male candidate instead of female as described in other species.



transcriptomes.
Function References Normalized expression
Gene homolog | Encoded protein
(UniProt description) M L F
Female candidate genes
In gynoecium, expressed in
the abaxial cell layers S
Axial regulator : AT e Siegfried etal
Y4BI differentiating into th = ; 1,78 0,51 6,51
YABBY 1 ST Pl 1999 - : s
valves meristem
development.
Essential for the formation Y;léznueva etal,
: ; i1, . i 2
YAB4 S’G;?‘E“RE HECES | D a‘:“afl i 261 273 |7.08
asymmetric growth of the 7
ovule outer integument. 2002
Transcription activator.
AP2-like ethylene- | Required for the initiation Klucher et al,
: responsive and growth of ovules 1996:Elliot et al, _
ANE transcription factor | integumenta, andfor the 1996:Long and 204 0% s
ANT development of female Barton, 1998
gametophyte.
Transcriptional regulator
considered as cadastral
i, protein that acts indirectly to | \faister et al.
preventthe B class homeotic | 1g02
SUP* regulator R SR S 0 0 34
SUPERMAN proteins APETALA3 and
pethaps PISTILLATA from
acting in the gynoecial
whotl.
Transcription factor that
Protein 2 Bush et al, 2011;
TCPi2* rents axillary bud : 1o 0 345
RRANGHEDSE | F5 Zhu et al, 2013 X
outgrowth.
Transcription factor that
coordinates a small network :
Transcription factor | of downstream target genes Asereuinat
MYB61* : : al.2009:Liang et | 0.96 043 4,16
MYB61 required for several aspects al 2003
of plant growth and A
development.
T inti Iti din trich Romano et al,
MYB5* e 15 expressedminciomes. | 2012:Yang etal |088 |014 |537
repressor MYB3 seed coat and siliques. 2012-

Table 2. Function and expression values of female candidate genes selected to validate floral

Genes marked with * were selected based on our filtering by using SQL Server Manager Studio
(see Materials and methods).
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3.2. ldentify flower development genes and determination of gene expression
with in silico technique

Plant development and architecture are regulated by meristems that initiate lateral organs
on their flanks. Gene regulatory networks that control the transition of a vegetative shoot apical
meristem into an inflorescence meristem (FMIGs), together with those necessary to specify floral
meristem identity (FOIGs) have been explored in A. thaliana and are highly complex and
redundant. We have evaluated and reported the most prominent cases in this study. Since the
morphogenesis of in vitro cultivated female inflorescence of common ragweed is more intensive
than in wild-growing plants, therefore genetic regulation of the pistillate inflorescence can be
more effectively investigated in these samples. The investigated pathways and related genes
showed the following correlations. Functional and structural analysis of A. thaliana gene
homologs were investigated to elucidate floral regulation in the common ragweed. Expression
patterns of photoperiodic, vernalization, gibberellin, and flower development pathways
comparing with floral architecture formation are summarized in Fig. 10. and Fig. 11.

No interaction was found between LFY, FRIGIDA (FRI), and FLC transcription factors
that determine the initiating steps during vegetative growth. Homologous transcripts of these
genes were not found in any of the investigated libraries and were not expressed in the examined
samples. The absence of LFY, FLC, and FRI genes could indicate, that the blossom phase has
exceeded the initial signals in the bio-rhythm of collected samples. Overexpression of
photoperiodic pathway related transcripts of PHYB (MK098056, GO:0000155) in 1F, 2F, 1M,
and 2M libraries and COP1 (MK098059, GO:0009785), CO (MK098060, GO:0005634), and FT
(MK098073, GO:0008429) in the L library were found. In Arabidopsis, the expression of PHYB
affects indirectly FT and is limited to the leaf, so for common ragweed, the expression of PHYB
in flowers is interesting and unusual data. This may suggest that PHYB could also regulate
flower development steps that occur after the FT switch. The transcription of FT is activated by
CO in leaf, and the FT protein moves to the shoot apex to induce flowering, therefore we found
these transcripts overexpressed only in leaf tissues in wild-growing samples.

The vernalization pathway gene homolog VRN1 (MK098069, GO:0003677), showed
high values in all developmental stages (1F, 2F, 1M, 2M), which function is to inhibit the
flowering repressor FLC (Sung and Amasino 2004). Expression of the VRN1 gene in both
developmental stages of each flower maintains the generative morphogenesis of the flowering

meristem. Expression of VRN1 was increased during female flower maturation.
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Figure 10. Investigated

Pathway Gene F L M
Gibberellin GIDIA 83,32 353,76 160,19
GID1B 15,85 349,98 31,58
GID2 40,18 187,02 73,88
GAl 36,01 540,92 73,89
Ga2ox8 22,63 25,41
Ga2ox1 86,51
Ga2ox3 28,07
Ga3ox1 67,16
Cyp450 108,23 995,33 170,72
Photoperiodic PHYB 22,10 150,76
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co
= SPA
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o E SEP1 30,22 72,73

genes representing different floral regulatory pathways in F, M, L

libraries. These genes were selected to characterizing genetic events during male and female

floral architecture formation and floral meristem initiation during vegetative growth such as

photoperiodic, vernalisation, and meristem identity genes. Normalized expression of selected

genes was performed digitally and expression values were compared with each libraries F, M, L

with HiSeq2000 technology. The color scale refers to expression values: blue, white, and red

represent low, intermediate and high expression levels, respectively.
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Pathway Gene 1F 2F im
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Figure 11. Investigated genes representing different floral regulatory pathways in 1F, 2F and 1M
2M libraries. The normalized expression values of flower development genes has also been
studied in libraries 1F, 2F, 1M, 2M with NextSeq 500 technology derived from in vitro and wild
growing plant materials. The color scale means blue low, white intermediate, and red are high

expression values.
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We found SOC1 (MK098072, GO:0000957) homolog only in 1F and 2F libraries. SOC1
can integrate flowering signals from different pathways and activat the APETALAL (AP1) and
LEAFY (LFY) flower meristem identity genes. High expression of the TFL1 (MK098078,
G0:0005737) gene, which maintains indeterminacy of the floral meristem, was observed in leaf
samples in wild plants, and higher expression was detected in in vitro plants in male samples
compared to female flowers. SOC1 association with AGL24 (MK098093, GO:0000977) mediates
the effect of gibberellins on flowering under short-day conditions and regulates the expression of
LFY, which links floral induction and floral development (Liu et al. 2008). The lack of SOC1,
LFY (RPKM=0), and overexpression of FT (RPKM=1487) in wild-growing samples indicated
that flowering transition was regulated more intensively by the photoperiodic pathway in these
samples. In contrast, hormonal pathway related genes (SOC1, GID1A, GAI, Ga20x8, CAL) were
more expressed in in vitro plants. Therefore we concluded, that both cultivation conditions
reached the AP1 expression that is the “first pass” of floral architecture formation, however, the
vegetative pathway was altered under in vitro conditions. This phenomena has led to altered
morphology and genesis of floral genders. The female inflorescences grow faster and in greater
abundance in the case of in vitro individuals than in the wild-growing plants (see Fig. 12.). Male
inflorescences, however, were barely appeared in vitro. Under wild-growing conditions, male

flowers dominate probably because of the intense light mediated signals.

Figure 12. In vitro cultivated A. artemisiifolia individuals. During the life cycle of the plant
under in vitro conditions, the female flowers were appeared earlier and in greater amounts (A).
Appearance of male inflorescences were minimal (B) which is the opposite phenomena that may
be observed under wild-growing conditions. Arrows show the appearance of dense pistillate and

spars staminate flowers in vitro.
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Among the genes belonging to the hormonal pathway, GID1A (MKO098047,
G0:0016787), GAl (MKO098050, G0:0003712), Ga20x8 (MK098051, G0:0016491), CAL
(MK098071, GO:0000977) were more expressed in the 1F and 2F samples compared to male
flowers, in contrast to those observed in wild-grown individuals. Confirmation of this finding
and examination of whether cytokinin treatment by in vitro plants actually has an effect on
altering the expression of these genes or caused by another effect requires further

experimentation.

3.3. Determine floral organ, ABC(E) genes and gene expression with in silico
technique

The ABC(E) genes responsible for the formation of flower organs were determined based
on Compositae species (Gerbera sp, Helianthus sp, Tagetes sp, Chrysanthemum sp) found in
public databases (NCBI, UniProt). The coding sequences and their expression patterns of the
following thirteen gene homologs were determined: AP1(MK098082), AP2 (MK098081), AP3 1
(MK098086), AP3 2 (MK098085), AP3 3 (MK098084), PI, AG (MK098087), SEP1
(MK098094), SEP2 1 (MK098092), SEP2 2 (MK098091), SEP3 1 (MK098090), SEP3 2
(MK098089) and SEP4 (MK098088) (Fig. 10., Fig. 11.). All of the investigated floral organ
genes except AP2 (GO:0003677) have the same GO ID: GO:0000977. The AP2, AP3 2, and PI
genes were not or very low expressed in the female samples, therefore we considered them as
male specific genes of the common ragweed. Pl with AG determine the stamen and AP2 with
AP3 determine the petal formation that are male flower elements in the common ragweed (Fig.
13. A). The expression of the AP1 gene showed a significantly higher value in female flowers
than in male inflorescence (Fig. 13. B-C), suggesting that the initiation of petals and stamens is
stronger in the pistillate flowers. The overexpression of AP1 gene may be traced back to the
hormonal pathway domination and through SOC1 during the vegetative phase in female flowers
(Kaufmann et al. 2010). In the early stage of development of female inflorescences (1F) a high
expression rate was found for SEP1, SEP2, SEP, and SEP4. Supposedly these genes are
responsible for the development of petal and carpel primordias. However, SEP3 2 and SEP2 2
showed high expression in the late phase (2F) that may be involved in the pistil prolongation
(Fig. 13. B).
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RPKM Expression of ABC(E) genes in F, L and M libraries
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Figure 13. Expression differences between ABC(E) genes. Normalized expression rates were
determined by calculating RPKM. A-Expression of ABC(E) in F, L, and M libraries B-
Expression of ABC(E) in 1F and 2F libraries. C- Expression of ABC(E) in 1M and 2M libraries.
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3.4. Identify the sequences and gene expression of the most expressed
transcription factors that control flowering

Based on analysis of the different TF groups that are sex-specific and differentially
expressed in each library the following factors were identified in our samples according to
Rocheta and colleagues (Rocheta et al. 2014). Gene expression values of all investigated libraries

and functional descriptions are summarized in Table 3 and Table 4.

Table 3. Gene expression values of transcription factors in F, M and L libraries
RPKM | RPKM | RPKM

Gene | | | . f
homolog value value value Function References
(L) M) (@)
Proved to facilitate anther Millar and Gubler
MYB33 13.12 >1.78 0.00 development redundantly 2005

Required to maintain Fe
homeostasis in correlation
with a large amount of Fe3+
in sepals
Responsible to mechanisms
to separate organs

developing at adjacent Aida et al, 1997
cuc2 17.94 17.66 7.68 positions during early flower
development.

I1AA9 26.10 76.06 33.05 . Wang et al, 2009;
Repressors of early auxin

response genes at low auxin
concentrations.

ILR3 333.63 | 106.07 33.06 Sudre et al, 2013

CucC1 8.08 2.65 0.00

1AA27 173.21 23.97 15.68 Liscum and Reed,

2002

Expression of PIN1 and
essential for correct auxin
PIN1 52.44 17.25 43.85 efflux into the early stages Wang et al, 2009
of female gametophyte

development

Delays flowering via
EIN3 161.47 45.70 13.69 repression of the LFY Ceccato et al, 2011

and SOC1 genes
Transcription factor
coL4 646.84 | 192.96 | 155.56 | involved in the light input to Lee et al, 2010
the circadian clock.

Induce flowering in short-

COL5 1099.61 | 51.63 18.13 day grown Arabidopsis

Hassidim et al, 2009

Delays flowering by
CcoL9 8.19 2.70 0.00 reducing expression of CO
and FT.

Cheng and Wang,
2005

44



Table 4. Gene expression values of transcription factors in 1F,2F, 1M and 2M libraries

Gene
homolog

RPKM
value (1F)

value (2F)

RPKM
value

(1M)

RPKM
value

(M)

Function

References

MYB33

17.98

2339

23320

22881

Proved to facilitate
anther development
redundantly

Millar and Gubler
2005

ILR3

395.67

321.32

312.86

318.10

Required to maintain
Fe homeostais in
correlation with a large
amount of Fe3+in
sepals

Sudre etal 2013

cuc!

2943

2225

37.56

40.18

cue2

6.13

0.00

10.77

549

Responsible to
mechanisms to
separate organs
developing at adjacent
positions during early
flower development.

Aida etal 1997

1449

263.80

139.43

371.83

14427

204.66

546.24

59.06

Repressors of early
auxin response genes
at low auxin
concentrations.

Wang et al, 2009;

Liscum and Reed.
2002

PINI

155.54

29.07

4334

42.69

Expression of PIN1
and essential for
correct auxin efflux
into the early stages of
female gametophyte
development

Wang et al 2009

EIN3

97.18

134.97

15433

130.72

Delays flowering via
repression of the LFY
and SOC1 genes

Ceccatoetal 2011

COL4

1478.03

1564.22

55240

509.76

Transcription factor
involved in the light
input to the circadian
clock.

Leeetal 2010

COL5

478.01

549.48

25751

261.93

Induce flowering in
short-day grown
Arabidopsis

Hassidim et al 2009

COL9

5341

38.76

15.38

15,62

Delays flowering by
reducing expression of
COand FT.

Cheng et al, 2005
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Transcription factors (TFs) play important roles in plant development and flower

morphogenesis responding to the environment. These factors interact specifically with sequences
located in the promoter regions of the genes they regulate. Transcription factors are classified in
families according to the structure of their DNA-binding domain.
Based on RPKM values, homologs of the CONSTANS-LIKE zink-finger TF family were found
to be characteristic in both female and male samples (COL4, MK098124, GO:0005634, COLS5,
MK098125, GO:0005634). Upregulation of COL4 was found in 1F and 2F libraries indicating a
stronger interaction of female tissues with the circadian clock and light signals than in male
flowers. col4 null mutants flowered early under short or long days. In contrast, oscol4 activation-
tagging mutants (oscol4-d) flowered late in either environment (Lee et al. 2010). Of these, the
late flower showed a higher RPKM value in the correspondence of CO transcript level.
Downregulation of COL9 (MK098126, GO:0005634) was observed in all wild-growing samples.
Over-expression of COL5 can induce flowering in short-day grown Arabidopsis (Hassidim et al.
2009). We observed the higher COL5 expression in female flowers, mainly in the case of in vitro
plants where pistillate flowering showed intensive growth under short day conditions.

The next most characteristic transcript was an 1LR3 (MK098117, GO:0046983) homolog
of IAA-LEUCINE RESISTANT 3 protein representing the helix-loop-helix protein family. ILR3 is
required to maintain Fe homeostasis in correlation with a large amount of Fe** observed in the
sepals in A. thailana (Zhang et al. 2015). Since this transcript was found to be expressed roughly
equally in all investigated samples (1F, 2F, 1M, 2M, M, and L), we assumed that to keep at
appropriate level the iron homeostasis is essential to all flower types, in fact, to maintain
hormonal and redox balance for fertility (Sudre et al. 2013).

Among the hormone related factors, the auxin responsive AUX/IAA protein family genes
such as 1AA27 (MK098121, GO:0005634) and IAA9 (MK098120, GO:0005634) were found to
be characteristic in both reproductive tissues. These transcriptional factors are repressors of early
auxin response genes at low auxin concentrations (Liscum and Reed 2002). RT-qPCR and in situ
hybridization have shown that tissue-specific gradient of IAA9 expression was established during
flower development, and the release of which, upon pollination and fertilization, triggers the
initiation of fruit development (Wang et al. 2009). These results explain the higher expression

rate in female tissues in both early and late phenophases in Ambrosia.
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The auxin efflux carrier homolog, PIN-FORMED 1 (PIN1, MK098122, GO:0009734)
was also found to be upregulated in early female flowers (1F) indicating the female tissue
determination might be under strong control of auxin. These results correspond to the study of
Ceccato and colleagues where PIN1 expression and cellular localization in the ovule were
essential for correct auxin efflux in the early stages of female gametophyte development
(Ceccato et al. 2011). In the ethylene response pathway, the protein ETHYLENE INSENSITIVE3
(EIN3, MK098123, GO:0003677) regulates ethylene-responsive genes as a positive regulator and
results in flowering delay via repression of the floral meristem-identity genes LFY and SOC1
(Achard et al. 2007). In our flowering system, it was upregulated in M, 1M, 2M libraries
resulting no expression of SOC1 and LFY in male tissues (see Fig. 10. and Fig. 11.). No LFY
homolog was identified in any of the floral libraries in correlation of higher expression of this
transcription factor. Wild-growing Ambrosia individuals grow male flowers intensively in late
summer, which is a delayed state compared to the female blossom. However, SOCL1 transcript
was found only in the in vitro samples referring to the altered (earlier) floral regulation we
assumed that this phenomena is based on changes in hormonal pathways.

NAC-domain containing transcription factors are essential for normal plant
morphogenesis representatives of which are the CUP-SHAPED COTYLEDON proteins encoded
by CUC1 (MKO098118, GO:0003677) and CUC2 (MKO098119, GO:0003677) genes less
expressed in our flower samples. Mutations in Arabidopsis CUCI and CUC2 caused fusion of
cotyledons, sepals, and stamens suggesting that these factors are responsible for mechanisms that
separate organ developing at adjacent positions (Aida et al. 1997). No expression of CUC1 was
detected in wild-growing pistillate tissues and its expression was lowest among the investigated
transcription factors in staminate samples. In in vitro samples, CUC2 was expressed only in early
phenophases (1F) in female flowers with a minimal expression level. Since these factors are
involved mainly in the early development of cotyledonary primordia (Aida et al. 1997), the
phenomena of downregulation of these genes may be explained by the flowering separation that
has overtaken this critical state in our samples.

The homeodomain like MYB transcription factors are involved in the control of the cell
cycle of plants. The majority of them are miRNA regulated and are involved in numerous cell

biochemical pathways like hormonal regulation.
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The gibberellin pathway related MYB33 (MK098116, GO:0003677) homolog was expressed
only in male flower in wild-growing Ambrosia samples in agreement with Rocheta (2014), and
Millar (2005) in which studies the GAMYB-like MYB33 was proved to facilitate anther
development redundantly (Millar and Gubler 2005, Rocheta et al. 2014). In in vitro originated 1F
and 2F libraries homolog transcripts of MYB33 were also found indicating repeatedly altered

hormonal regulation of this system.

3.5. Selection, validation and annotation and determination of expression level

of A. artemisiifolia unigenes

3.5.1. Selection of A. artemisiifolia unique and differentially expressed genes

In order to identify exclusively expressed transcripts in the sex-specific floral tissues, we
used Bowtie2 alignments of F, M, L, 1F, 2F, 1M and 2M libraries for the Ambrosia reference
transcriptome GEZL00000000. In order to prove the 1F and 2F exclusive transcripts in the
female sample (F), and 1M, 2M exclusive transcripts in the male sample (M), contigs were
realigned using BLASTn algorithm to the 1F, 2F, 1M and 2M de novo Trinity transcripts
(GFwWB00000000, GFWS00000000). The transcript datasets were extracted from Trinotate heat
map and post-processed using Microsoft SQL Server Management Studio. The queries for
unique organ-specific sequences resulted in 5659 (M), 1691 (F), and 4267 (L). The number of
exclusive and shared transcripts in wild-growing male and female flowers and leaf are visualized
in Venn diagram. For visualiszation we used FunRich (V3) software (Pathan et al. 2015) (Fig.
14). The number of annotable unique transcripts was 10507 in M, F and L libraries. Among
which the most important organ-specific genes are summarized in Table 5-6. The presented

genes were within the upper limit (>80%) of the total expression level value.
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L vs F (40023)

Lvs M (58687)

M vs F (22008)

Figure 14. Venn diagram indicating the number of exclusive and shared transcripts in wild-
growing male (M), female (F) flowers, and leaf (L) samples. The datasets were extracted from
Trinotate heat map and visualized with FunRich. The comparison and distribution of transcripts
were specified according to the expressed sequences in groups of leaf versus (vs) female, male
vs female and leaf vs male transcriptomes of A. artemisiifolia reference GEZL00000000. A total
of 40,023 transcripts were detected in the leaf (L) and female (F) sample pair, and 10,329
transcripts showed a significant difference. In the leaf (L) and male (M) sample pair, were 58687
transcripts, of which 26953 were differentially expressed. The male (M) and female (F) sample
pair had 22008 transcripts, of which 1729 showed different expression values. In all samples,
2927 common transcripts were found, which expressed differently.The SQL queries for organ

specific unique transcripts resulted in 4549 (unique M), 1691 (unique F), and 4267 (unique L).
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Table 5. Genes expressed exclusively in female transcriptomes (F, 1F and 2F).

Gene RPKM RPKM RPKM
homolog Encoding protein | value value value Function References
(F) (1F) (2F)
serine/threonine Exhibits Hirayama and
PBL9 rotein kinase 88.97 640.35 57.32 serine/threonine Oka, 1992;
P activity. Ito et al, 1997
Acts indirectly to Kazama et al
Transcriptional prevent AP3 and 2009: ’
SUP regulator 7.52 123.31 56.55 perhaps Pl proteins Bowr"nan ctal
SUPERMAN from acting in the '
. 1992
gynoecial whorl.
tansporting it catayses the | HEnTY: 1996
ACA7 22.57 0 4.92 : . Smith and
ATPase 7, plasma reaction of reversible Ferrv. 2000
membrane-type hydration of CO,, Y
Transcription sﬂivfgxtﬁxgé?;y ud Bush et al,
TCP12 P 12.6 239.69 | 13451 growth, delay 2011; Zhu et
factor TCP12 early axillary bud
al, 2013
development.
Romano et al,
Involved in seed coat | 2012;
Transcription formation, trichome Yang et al,
MYBS repressor MYB5 19.01 122.98 >4 morphogenesis and 2012; Li et al,
mucilage secretion. 2009;
Liuetal, 2014
Required for normal Crawford and
Zinc finger protein differentiation of the Yanofsky,
WIP2 7.29 131.11 114.05 L 2008; Marsch-
WIP2 ovary transmitting ,
tract cells Martinez et al,
) 2014
. Asrovski et al
e Required for seed _ ‘
MyBe1 | llanscrition 7.59 20563 | 349.61 | coat mucilage 2009;
repressor MYB61 deposition Liang et al,
P ' 2005
LAC2 | Laccase-2 3084 |0 3.93 LAC2 deficient lead | 1.,qp.ia 1089
to early flowering
Transcription Positive regulator of Domaglaska
BEE P 5.29 0 59.63 brassinosteroid g
factor BEE1 . - et al, 2007
signaling (BR).
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Table 6. Genes expressed exclusively in male transcriptomes (M, 1M, 2M).

RPKM | RPKM RPKM
Gene Encodin value value value
homolo rotein 9 (M) am (2M) Function References
9P HiSeq20 | NextSeq5 | Nextseqb
00 00 00
pcC13- Desiccation- Expressed exclusively in
related 1126.37 | 4335.81 5839.66 . Zhaet al, 2013
62 - the stylopodium.
protein
Duan and
CYP450 | Cytochrome Effect the suberin and Schuler, 2005,
86B1 P450 906.19 4304.38 3499.78 cutin biosynthesis. Compagnon et
al, 2009
Lipase/Acylh
GDsLz | YOrolase lgniss | 223036 | 160326 | CXPressedduringpetal g 007
superfamily differentiation.
protein
3-oxoacyl- Dayan and
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3.5.2. Annotation and functional classification of A. artemisiifolia unigenes

Functional annotation of the transcriptome sequences and analysis of the annotation of
three-specific RNA pools (M, F, L) were performed using BLASTX search (Gish and States
1993)and Blast2GO (Gotz et al. 2008, Conesa et al. 2005). This process resulted in 81.56 %
translated contigs in total. Based on GO annotation the cell part, organic cyclic compound
binding, and organic substance metabolic process were the most abundant GO slims in the
categories of cellular component, molecular function, and biological process, respectively
(Appendix 5.). The high physiological activity of Ambrosia reproductive tissues was suspected
from the high representation of the primary metabolic process and cellular metabolic process
groups within the biological process category. Representation of the significant sub-ontologies of
cellular component, molecular function, and biological process are summarized in Appendix 5.
GO enrichment analysis were performed with the investigated floral genes wich results are

summarized in Appendix 6 -8.

3.5.3. Expression of female flower specific genes

In order to identify exclusively expressed genes in female flowers, the combined
assembly of five (M, L, F, 1F, and 2F) non-normalized libraries were analysed. In the analysis,
1691 unique transcripts were found in the wild growing F library, representing the nine
developmental stages. Transcripts longer than 700 bp were further investigated. After this
filtering, we found 60 transcripts showing evaluable ORF, among which nine genes were well
annotable using NCBI nr and Swiss-Prot databases. Based on this, the following protein coding
and transcription factors were identified: Protein kinase 1A (PBL9, MK098095, GO:0004674),
SUP, Alpha carbonic anhydrase-7 (ACA7, MK098097, GO0:0004089), Laccase-2 (LAC2,
MK098102, G0:0005507), TCP12, MYB5, MIB61, Zinc finger protein WIP2 (MK098100,
G0:0003677), and Protein Brassinosteroid enhanced expression 1 (BEE1, MK098103,
GO0:0006355) (see Table 5.). In order to find genes that might correspond to early and late
flower development, exact CDSs of these genes were determined in silico and validated with

sanger sequencing from in vitro plant materials.
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RPKM values were calculated in F, L, M, 1F, 2F, 1M, and 2M libraries using validated CDSs.
As expected, all of these investigated genes are not expressed in M, L, 1M, and 2M libraries
(RPKM=0) except BEE! in leaf samples with a very low value.

In early female flower development, the serine/threonine protein kinase PBLY
(MK098095, GO: 0004674) showed an exceptionally high value. SUP, TCP12, and MYBS5 were
expressed twice as high as in matured flowers before the ovule formation. Two catalytic protein
genes LAC2 and ACA7 were also found as unique genes in late 2F samples with a low expression
suggesting a not characteristic role, but taking part in necessary metabolic processes during floral
maturation. PBL9Y (alternatively APKI) is very weakly expressed in flower tissues. It was
described as A. thaliana serine/threonine protein kinase that phosphorylates tyrosine, serine, and
threonine (APK1) during signal transduction (Hirayama and Oka 1992). The APK family is
negatively regulated by the floral homeotic protein AG (AGAMOUS) (Ito et al. 1997) involved
in the control of organ identity, whose expression was equal in early and late female libraries,
respectively. The unique expression of PBLY in female flowers indicated that the developments
of staminate and pistillate tissues are regulated by different kinases at protein level during signal
transduction mechanisms. Similarly, a receptor-like protein kinase was also reported as female
specific gene in the monoecious Quercus suber (Rocheta et al. 2014). Additionally, a different
expression of these genes suggested altered protein phosphorylation during female flower
formation; accurately it is more significant at the beginning of the pistillate flower development.

Despite SUP is not a sex determination gene (not located on the sex — Y — chromosome)
it was considered as female specific gene. Their function in the female flower differentiation
pathway was proved in the diecious plant S. latifolia. During the development of the female
flower in S. latifolia, the expression of SUP is firstly detectable in whorls 2 and 3 when the
normal expression pattern of the B-class flowering genes was already established and persisted
in the stamen primordia until the ovule had matured (Kazama et al. 2009, Bowman et al. 1992).
It is probably controlled by sex determination genes on the Y chromosome in dioecious plants.

The role of the MYB transcription factor superfamily in plant reproductive development
is unequivocal. MYB proteins include a conserved domain, the MYB DNA-binding domain
regulating a variety of plant-specific processes and they may play roles in different plant species
(Ambawat et al. 2013). For example, R2R3 MYB and MYB8S8 regulates female flower
reproduction in A. thaliana (Makkena et al. 2012), MYB35 (MSE) regulates male specific

expression in Asparagus officinalis (Murase et al. 2017).
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MYBI and MYBI16 regulate petal development in Petunia hybrida and A. thaliana (Noda et al.
1994, Baumann et al. 2007). Overexpression of MYB61 was demonstrated in several aspects of
plant growth and development, such as xylem formation and xylem cell differentiation, and
lateral root formation (Liang et al. 2005, Arsovski et al. 2009, Romano et al. 2012,
Matias-Hernandez et al. 2017). Importance of MYB5 and MYB6! in seed coat formation,
trichome morphogenesis, and mucilage secretion was also described by several studies (Arsovski
et al. 2009, Gonzalez et al. 2009, Li et al. 2009, Liu et al. 2014) consistent with overexpression
in seed coat and siliques. In our investigations MYB5 and MYB61 showed unique expression in
female flowers, however, MYB5 (MK098099) MYB61 (MK098101) was found to be more
characteristic in early and late phenophases respectively.

TCPI12 belongs to the plant-specific transcription factor family TCPs. The founding
members of this family have been characterized to be involved in growth, cell proliferation, and
organ identity in plants (Yang et al. 2012). TCPI-like genes are involved in floral development
with different regulatory and evolutionary mechanisms underlying the diverse forms of floral
symmetry, such as dorsal/ventral dosage effect (Busch et al. 2012). We found that the female
specific TCP12 was stronger expressed in earlier phenophases suggesting a TCPI2-related
zygomorphic regulation at the beginning of floral morphogenesis in this species.

The transcription factor BEE! is a positive regulator of brassinosteroid signaling (BR)
regulating plant development and physiology. The BR signal is transduced by a receptor kinase-
mediated signal transduction pathway which ultimately results in altered expression of numerous
genes. During flowering brassinosteroids stimulate floral transition through positively regulating
the circadian clock pathway genes and inhibiting FLC repressor (Zhu et al. 2013, Domagalska et
al. 2007). The deficiency of these phytohormones leads to the delay of flowering and because of
the disruption of the pollen tube, BR deficient plants are practically male-sterile (Clouse 1996).
Characteristic overexpression of the BR enhancer BEE uniquely in late-female flowers suggests
on one hand an altered regulation of BR signal transduction compared with male flower
development.

Transcription factor WIP2 is a zinc finger protein and was found to be responsible for
transmitting tract formation in the gynoecium, which is important for pollen tube growth
(Crawford and Yanofsky 2008). WIP2 plays role in replum development and regulation of
AGLS8/FUL (MK098076, GO:0000957), which is required for the normal pattern of cell division,
expansion, and differentiation during morphogenesis of the silique (Marsch-Martinez et al.

2014).
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Expression of this gene was equal in early and late developmental flowers indicating an intensive
cell division in the gynoecial tissues during fruit development.

LAC? is a multicopper-containing glycoprotein belonging to the laccase family. The
exact function of LAC genes is not yet cleared. Laccase genes were highly expressed in
lignifying tissues and are known to be associated with lignin synthesis (Sato et al. 2001,
Gavnholt and Larsen 2002). In Arabidopsis array experiments the majority of investigated
laccase members were found primarily in root tissues and in flower and stem samples secondly.
In a mutant screening experiment, lac8 and lac2 deficient mutants lead to early flowering and
reduced root elongation phenotypes. LAC2 expression was also detected in flower tissues in the
Arabidopsis array (TAIR database) (Gavnholt and Larsen 2002). In our Ambrosia flowering
system, LAC2 was found expressed uniquely in late, however, 2F flowers were represented at the
level an order of magnitude lower compared to the other female specific genes.

The role of ACA7 in flowering pathways is not yet reported. It belongs to the Zn
metalloenzymes carbonic anhydrases (CAs) that catalyse the reaction of reversible hydration of
CO2 with exceptionally high efficiency. CAs have been involved in a broad range of
biochemical processes that involve carboxylation or decarboxylation reactions including
photosynthesis and respiration. CAs also participate in pH regulation, inorganic carbon transport,
ion transport, water, and electrolyte balance (Tashian 1989, Henry 1996, Smith and Ferry 2000).
However, an interesting correlation revealed, that ACA7 location was mapped on the same
chromosome region as EARLY FLOWERING 3 (ELF3) including the earliness per se locus Eps-
Aml in diploid wheat (Triticum monococcum). This locus affects the duration of early
developmental phases and it is responsible for the optimal photoperiod sensing and vernalization
during the flowering time (Gavnholt and Larsen 2002). These results suggest that female flower
differentiation may differ mainly in regulatory elements of the flowering pathway genes such as

altered signal transduction and transcription factor activity.

3.5.4. Expression of male flower specific genes

The uniquely expressed transcript number in male tissues was 4549 (Fig. 14.) of which
sequences longer than 700 bp were filtered out. In this way, total coding sequences of 41 genes
were identified based on NCBI nt Blast and NCBI ORF finder databases. The 12 most
characteristic male specific genes, RPKM values and functional properties are summarized in
Table 6. Of the annotable genes, the most expressed sequences showed homology with the

followings.
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The homolog of desiccation-related protein, PCCI13-62 (MK098104, GO: no terms)

showed the highest RPKM value, 1126.37, which is activated during the drought stress in the
pollen, seeds, and vegetative organs in succulent plants (Giarola et al. 2018). It was expressed
exclusively in the stylopodium of the hermaphrodite flower in Mucona sempervivens, where the
nectary is located (Zha et al. 2013).
Since the male flower pistillodium is a modified pistil with a function to help to dispensing the
pollen from staminate flowers in A. artemisiifolia (Payne 1963), the anatomical presence of this
transcript may be explained. Functionally, however, this protein may serve to protect the
cytoplasmic contents in the pollen, since the pollen grain is an extremely desiccated structure at
maturity. Desiccation-related proteins were also reported in the A. thailana columbia ecotype
pollen (Sheoran et al. 2006).

The second most significantly expressed sequence was the CYP450 86B1 (MK098105,
GO: 0004497) homolog. This gene was found to be expressed in many parts of the flower,
including the epidermis, anther, and pistil. In young inflorescences this gene effects the suberin
and cutin biosynthesis playing an important role in defensive mechanisms during biotic and
abiotic stresses and supports the maintenance of reproduction (Duan and Schuler 2005,
Compagnon et al. 2009).

The third most significantly expressed gene homolog was found from the lipolytic
enzyme family, GDSL2 (MK098106, GO:0016021), which was expressed during petal
differentiation and is responsible for lipid catabolic processes (Ji et al. 2017). Ji and colleagues
(2017) identified a GDSL lipase gene in Brassica rapa playing an important role in the anther
and pollen development. Arabidopsis GDSL lipase 2 plays role in pathogen defense via negative
regulation of auxin signaling and a positive correlation between late flowering and resistance to
F'. oxysporum in A. thaliana natural ecotypes was observed related to GDSL lipases (Lyons et al.
2015). The above-described male characteristic genes with outstanding high RPKM values refer
to the most intensive physiological processes that are related to pollen exposure and stability and
biotic and abiotic defense during anther formation.

Because all of the most male characteristic genes are related to flowering, secondary
metabolism, plant cell structure, biotic and abiotic stresses, these may be considered to be
essential to male specificity in the common ragweed. Gene homologs discussed below were

found to be important for male flower physiology based on RPKM values.
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TETS (MK098111, GO: 0016021), which encodes a transmembrane protein tetraspanin 8,
a member of tetraspanin family. TET8 play important role in plant development, reproduction
and stress responses (Reimann et al. 2017). Expression of tetraspanins including tetraspanin 8
was described during the pollen development and in mature pollen in A. thaliana (Honys and
Twell 2004, Pina et al. 2005, Boavida et al. 2013). pMADS2 was found expressed in flowers in
the second whorl, however, in vegetative organs were not found in Petunia (van der Krol et al.
1993). In Ambrosia, this gene was found to be homologous to P/ which is predominantly
expressed in petals and stamens, and less in carpels and sepals.

The 3-oxoacyl-[acyl-carrier-protein] synthase coding OAS (MK098107, GO:0006633) is
responsible for the condensation reaction of fatty acid synthesis and confers resistance to low
temperatures by maintaining chloroplast membrane integrity (Dayan and Duke 2014). This
protein is also involved in the regulation of fatty acid ratio during seed metabolism. It is required
for embryo development, especially at the transition from globular to heart stage (Hakozaki et al.
2008).

Another gene family responsible for membrane structure, the syntaxins (SYN) showed
also unique expression in male tissues. These proteins play role in the fusion of transport vesicles
to target membranes. Inactivation of genes from two syntaxin families has led to the lethality of
the male gametophyte (Sanderfoot et al. 2001). NIP 4 I and NIP 4 2 are pollen specific
aquaporins playing role in pollen germination and pollination in A. thailana. These genes are
essential to the growth of pollen tubes and were considered to be exclusive components of the
reproductive apparatus of angiosperms with partially redundant roles in pollen development and
pollination (D1 Giorgio et al. 2016).

MYB proteins are a superfamily of transcription factors that play regulatory roles in gene
expression controlling direct organ development and defense responses in plants. We found
uniquely expressed MYB transcription factors related to flower development in male tissues.
MYBS80 (MK098109, GO:0003677) showed the highest expression in male tissues playing an
essential role during anther development and production of tapetum and microspores (Higginson
et al. 2003, Phan et al. 2011). MYB26 (MK098115, GO: 0003677) regulates lignified secondary
cell wall thickening of the anther endothecium, which is necessary for anther dehiscence. It may
play role in specifying early endothecial cell development by regulating several genes linked to
secondary thickening (Mitsuda et al. 2006, Yang et al. 2007). MYB35 (MK098110, GO:
0003677) is required for anther development and early tapetal function during microspore

maturation.
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It regulates callose dissolution and is required for microspores release from the tetrads (Zhu et al.
2011). The MYB44 (MK098112, GO: 0003677) represses the expression of protein phosphatases
2C in response to abscisic acid (ABA).

It confers resistance to abiotic stresses dependent of ABA. The overexpression of AtMYB44
enhanced stomatal closure to confer abiotic stress tolerance in transgenic Arabidopsis (Jung et al.

2008).

3.6. Validation of tissue specific genes with RT-gPCR technique

For the RT-gPCR validation, we selected the genes showing the largest differences
(Table 1-2) and most interesting from functional aspects. TCP12, SUP, and LAP6 were selected
to justify their exclusive expression in female and male flowers. STIG1 was chosen according to
its opposite expression in male flowers. Additionally, we selected also Pl (MK098083,
GO0:0000977) as ABC(E) transcript exclusively present in staminate tissues. The relative
expression value of Pl gene in male flowers was 8170.66, in leaf 1.59, and in female flowers
3077.59. For the LAP6 gene, the highest expression value was 11599.13 in male flowers, 0.16
value was in leaf, and 486.28 value was in female flowers. The expression values of the STIG1
gene were in male 1000.38, in leaf 0.38, and in female tissues 40.9. For the SUP gene, a relative
expression value of 0.83 was detected in male samples, 0.63 in leaf samples, and 540.53 in
female flowers. The TCP12 gene was expressed with a relative value of 12.97 in male samples,
3.95 in leaf samples, and 146.44 in female samples. To evaluate the results, genes were grouped
according to their specificity. According to this, the female transcriptome was validated based on
TCP12 and SUP expressional patterns. Female specificity of SUP and TCP12 was confirmed
(Fig. 15. B). The expression of TCP12 was three times higher than of the SUP in female flowers
confirming the in silico RPKM results. The male transcriptome was validated according to the
expression pattern of LAP6, STIG1, and Pl. The non-exclusive expression of Pl was observed
indicating the ABC(E) function and B class activity in both flower types.

Since in female flower, the petal differentiation is vestigial and this whorl is united into a
single tubular flower, therefore P1 homolog transcript is less present than in male flowers where
petals are united into short anthers with long stigma and stamen structures represents a large

amount.
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Expression of STIG1 homolog in male flowers (Table 1.) was confirmed by RT-qPCR,
indicating the modified pistil origin in the pistillodium structure. However this transcript showed
a minimal expression also in female flowers (Fig. 15. A). This phenomena reveals the common

origin of these flower types which were separated during evolution.
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Figure 15. Comparative analysis of male specific (A) and female specific (B) gene expression.
RT-gPCR analysis was determined as logio relative fold. The tables inserted in the diagram show
the real values of expression measured by RT-qPCR. In order to plot the results on one diagram,

which ranged from 0.08 to 11599.13, logio was used.
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Conclusions

The genetic program of the formation of separated male and female flower development
in monoecious plants is a less understood mechanism in flowering biology. Available genomic
data of the majority of these species are insufficient or inexistent to date. It makes it more
difficult, that the reproduction biology of 4. artemisiifolia is less studied and the majority of
information has been revealed exclusively in the pollen formation as part of male flowering
biology. Today, large DNA or RNA data sets of the non-model organisms may be attainable
using NGS technology; therefore, we sequenced and compared transcriptome libraries of wild-
growing male, female, leaf, and in vitro female flowers representing early and late
developmental phases. Comparative studies revealed a subset of transcripts that were
differentially expressed in the different libraries known in flower or plant development in A.
thaliana. However, genes showing differential expression previously were not characterized in
A. artemisiifolia during flowering.

Genome-wide transcriptional profiling in five libraries revealed a high number of
transcripts that were differentially expressed playing role - non-exclusively - in plant or flower
development, but also in signal transduction, redox, and abiotic stress mechanisms. Induction of
floral meristem initiation is preceded by a complex regulation network just in the vegetative
phase which regulatory elements are the so-called flowering pathway genes. The expression
pattern of components of these pathways is consistent with the short day-induced flowering of
common ragweed and suggests that the initiation of flowering depends on PHYB-related light
signals. Because of the small amount of collectable pistillate flowers, plants were also in vitro
cultivated on meta-topolin supplemented media. In this way, influences of hormonal and
photoperiodic pathways were modelled on the flowering pathway genes. Based on gene
expression differences of flowering pathways in male and female samples and the shifts to
intensive female morphogenesis under in vitro cultivation conditions, we concluded that before
the generative transition, the determination of floral gender takes place just in the vegetative
phase during the vegetative pathway dominancy that defines the subsequent floral organ
morphogenesis. Transition to 4P/ expression and FOIGs induction is led by hormonal and
photoperiodic pathways, and depending on the relative dominancy of these two routes, initiation

of the female or the male flower development is facilitated.
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Thus, flower identity is decided just in vegetative growth. Investigation of male flower indicated
that photoperiodic pathway may induce the generative transition through FT / FD complex;
however, gibberellin-related SOC! expression was not observed indicating it has no role in male
gender formation.

On the other hand, expression of FT / FD was lacking in in vitro female samples that was
probably due to the action of SVP (MK098077, GO: 0000977) or AGL24. Transcripts of LFY
homolog were not found in any of the libraries, therefore it appears likely that floral organ
development is induced through LMI - CAL regulation in female flowers. However, FUL and
directly (AP1) - AP2 regulation in male flowers in only induced when the AP repression by
TFLI was also in effect (Fig. 16.). Expression analysis of transcription factors indicated that
similarly to other species investigated so far, the circadian clock takes a significant part in timing

flowering initiation.

61



e

A

Flowering signals at shoot apical
meristem (vegetative stage)

n
=
EE’;
2 ©
_
EUT
og
R

=
=
o 35
c O
o 9
=l al
o @
==
==
)
(i

carpel stamen petal

Figure 16. The development of the male and female floral morphogenesis indicated two
different regulatory pathways during meristem initiation. Photoperiodic signal regulation was
under FT / FD complex induction in male flowers stimulated by the photoreceptor PhyB leading
to the generative ,(first Step” AP2 upregulation via the MADS-box gene FUL (APl was
repressed by TFL1 in male lines). Consequently, Pl expression with AG upregulation was
occurred for stamen formation and uniquely expressed in male tissues. Female flower
morphogenesis was under a strong regulation of endogenous (hormonal) pathway signaling
during the vegetative phase. AP1 upregulation was controlled through CAL activated by AGL24
/ SOC1 complex distinctively in female transcriptomes leading to the carpel formation that was
regulated by the overexpression of SEP genes.
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Thesis Points

Identification of male and female flower organs of Ambrosia artemisiifolia L. and
determination of their developmental stages. Creation of transcriptome libraries of female
and male inflorescences from early and late developmental stages and their biological

validation.

. Determination of the coding sequence of 80 flowering regulatory genes in Ambrosia
artemisiifolia L. that were published in the NCBI (international) database. Identification

their expression level with in silico and experimental method.

. Uniquely expressed gender-specific genes were determined comparing all of the libraries.

9 female and 14 male specific genes were identified and validated.

. Thirteen sp-called ABC(E) genes, such as floral architecture formation genes, in A.
artemisiifolia L. monoecious flowering system were identified. These results showed that
the APETALA 2, APETALAS 2, and PISTILLATA genes were no or slightly expressed in
the female inflorescence, oppositely to male inflorescence, therefore so they can be

determined male-specific in this species.

. The development of male flowers occurs through the photoperiodic pathway which is
regulated by the FT / FD complex; however, regulation of female flowers depends on the

hormonal pathway affecting AGL 24 / SOC1 complex regulation.
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Summary

The highly allergenic and invasive weed Ambrosia artemisiifolia L. (common ragweed,

A. artemisiifolia) is a monoecious plant with separated male and female flowers.
The genetic regulation of floral morphogenesis is a less understood field in the reproduction
biology of the common ragweed. Therefore, the objective of this work was to investigate the
genetic control of sex determination during floral organogenesis. To this end, we performed a
genome-wide transcriptional profiling of vegetative and generative tissues during the plant
development comparing wild-growing and in vitro cultivated plants.

Prior to genetic studies, the male and female inflorescences of the common ragweed were
have dissected out, examined by digital microscopy using the stereomicroscopic focus stacking
technique, and individual flower organs were identified.

RNA-seq on the Illumina NextSeq 500 and HiSeq 2000 platforms with an integrative
bioinformatics analysis indicated differences in 80 floral gene expression profiles depending on
environmental and endogenous initial signals. Sex specificity of select genes was validated based
on RT-qPCR experiments and the sequences of candidate genes described in other species in
NCBI and UNIPROT databases. We found 9 and 14 uniquely expressed genes in female and
male transcriptomes, respectively, potentially associated with fertility and abiotic stress
responses. Increased levels of gene expression for homologues in each tissue type of FD, FT,
TFL1 and CAL, AP1 were characteristic to male and female floral meristems during
organogenesis. Homologue transcripts of LFY and FLC were not found in the investigated
generative and vegetative tissues. We observed that morphogenesis of each flower type occurs
by two different regulatory pathways, the development of male flowers through the
photoperiodic pathway by the FT / FD complex, while that of female flowers under the hormonal
pathway is regulated by the AGL24 / SOC1 complex. The nucleotide sequences of the 13
ABC(E) genes, which responsible for flower organ development were determined based on the
sequences of various species belonging to the Asteraceae family.

Alterations of male and female floral meristem differentiation were demonstrated under

photoperiodic and hormonal condition changes by applying in vitro treatments.
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Osszefoglalas

Az iiromleveli parlagfii (Ambrosia artemisiifolia L.) him és n6 viragzataban kifejez6d6 gének

Osszehasonlitd elemzése

Az erbsen allergén és invaziv trdomlevelt parlagfii (common ragweed, Ambrosia
artemisiifolia L) egylaki gyomnovény, him és né virdgai elkiiloniilten fészekviragzatokba
rendezédve fejlddnek. A faj szaporodasbioldgidjaban a virdgmorfogenezis genetikai
szabalyozasa még nem ismert, ezért munkank soran célul tliztiik ki a parlagfii esetében a him és
nd virdgzatokra jellemzd, valamint a virdg szervek kialakulasaért felelds gének izolalasat. Ennek
érdekében az tiromlevelil parlagfii vad és in vitro példanyainak vegetativ és generativ szoveteibol
mRNS szekvenalassal transzkriptom adatbazisokat hoztunk 1étre.

A genetikai vizsgalatok el6tt azonositottuk a parlagfli viragszerveit sztereomikroszkdpos
rétegfotdzas segitségével, melyrdl els6ként készitettiink magyar nyelvii leirast.

Az Illumina NextSeq 500 és HiSeq 2000 platformokon végzett RNS szekvenalast kdvetd
bioinformatikai elemzések soran 80 viraggén szekvencidjat hatdroztunk meg. A meghatarozott
gének nemhez kotott specifikussagat RT-qPCR technikaval, valamint és az NCBI ¢és az
UNIPROT adatbéazisokban mar mas fajokban leirt gének szekvenciai alapjan validaltuk. 9 és 14
egyedileg expresszalt gént talaltunk a nd és a himvirag transzkriptomokban, amelyek elsdsorban
a szaporodasért €s az abiotikus stresszre adott valaszokért lehetnek feleldsek.

Az FD, FT, TFL1, CAL, SOC1 ¢és APl gén homologok expresszidja a him és a ndi
virdgzati merisztémakban is megfigyelhetd volt az organogenezis soran. Az LFY és az FLC
homolog gének szekvencidit nem tudtuk azonositani a vizsgalt generativ és vegetativ
szovetekben sem.

Megfigyeltiik, hogy az egyes viragtipusok morfogenezise két kiillonb6zd szabalyozasi
utvonalon torténik, a him virdgok fejlddésének szabalyozasa a fotoperiodikus Utvonalhoz kotott
¢s az FT / FD komplex kezdi a szabalyozast, mig a nd virdgok szabdlyozdsa a hormonalis
utvonalhoz kotott az AGL24 / SOC1 utvonalon keresztiil. A viragszervek fejlodéséért felelds 13
ABC(E) gén szekvenciajat az Asteraceae csaladba tartozo fajok szekvenciai alapjan hataroztuk
meg.

A him és a ndi virdgzati merisztéma differencialédasanak fotoperiodikus és hormonalis

szabalyozasat in vitro kisérletekkel is alatamasztottuk.
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Appendix

Appendix 1. Average weight of samples.

Sample Average weight (mg)
Male flower stage 1 (Figure 9 M A) 0,3
Male flower stage 2 (Figure 9 M B) 2,1
Male flower stage 3 (Figure 9 M C) 8
Male flower stage 4 (Figure 9 M D1) 0,9
Male flower stage 5 (Figure 9 M D2) 1,8
Male flower stage 6 (Figure 9 M D3) 3
Male flower stage 7 (Figure 9 M D4) 8,6
Female flower stage 1 (Figure 9 F a) 0,1
Female flower stage 2 (Figure 9 F b) 0,2
Female flower stage 3 (Figure 9 F c) 0,4
Female flower stage 4 (Figure 9 F d) 0,5
Female flower stage 5 (Figure 9 F e) 0,7
Female flower stage 6 (Figure 9 F f) 0,9
Female flower stage 7 (Figure 9 F g) 1
Female flower stage 8 (Figure 9 F h) 1,2
Female flower stage 9 (Figure 9 F i) 1,8
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Appendix 2. Primers used for g-RT PCR validation.

Genes Forward primer sequences Reverse primer sequences

LAPG6 CGAGGTTACGAAGAAGAATGC ATGGATTTTGGGAATGTGAGTAG
STIG1 CATCCCATAGGCACAAGACTC AAGGGAAGTGTTTTGATGTGTC
SUPERMAN | CAAATGGGAAAGCAACAACTAC |AAGAGAGGGTGGTGAAGACTG
TCP12 AGCTTTTGGAATTCACTTGAGTC GAATAGTCACCAACCCAATGC

Pl AGAACACAAACAACAGGCAAG GTGTTAGGGCTGCAATACTCA

Validation of F, M and L transcriptomes were performed by using Q-RT-PCR. Genes expressed
characteristically in different transcriptomes were selected based on in silico analysis. Primers
used for gPCR were designed based on in silico predicted sequences.

Appendix 3. RPKM values of reference genes in each library.

1M 2M 1F 2F L N H
Ref Gene RPKM RPKM RPKM RPKM RPKM RPKM RPKM
GAPDH 4795,676 |4914,222 | 3321,383 |2480,102 |3611,886 |2676,673 |3565,147
TUA 539,292 |584,526 |756,759 |884,490 |724,105 |41,835 183,369
TUB 805,383 |721,719 |811,335 |[348,121 |19,985 160,036 |263,883

The color scale means green low, white intermediate, and red are high expression values.
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Appendix 4. Sequencing and assembly statistics of A. artemisiifolia flower libraries.

Sequencing

Accession
number

Assembly

Sample
Illumina platform

Number of raw reads
Number of clean reads
Average read length (bases)

NCBI SRA
NCBI TSA

strategy
assembler

total assembled reads
Number of contigs
Range of contig length

N50 length

M
HiSeq2000
24,110,256
18,472,374
2*100

SRR3995704
GEZL.00000000

Combined reads for de novo assembly (used as

reference)
Trinity
1,377,646
229,116
224 -14,368
774

L
HiSeq2000
24,330,693
17,435,976
2*100

SRR3995705

F
HiSeq2000
23,264,636
15,290,201
2*100

SRR3995703

1F
NextSeq500
39,664,366
36,491,216
2*80

SRR5965731
GFWB00000000

de novo
Trinity
20,421,456
109,452
201 -8,854
669.7

ref. guided
Bowtie2
33,108,438
147,457

210 - 14,375
697.5

2F
NextSeg500
37,127,852
34,157,623
2*80

SRR5965732
GFWS00000000

de novo ref. guided
Trinity Bowtie2
18,032,538 30,611,092
97,239 141,588
201-6,882 2015 - 14,370
635 626.9

Libraries were generated from gender specific RNA pools. Nominations: male flowers for eight developmental stages (M), young leaves (L), and female flowers
for eight developmental phases (F), classified into early (1F) and late (2F) stages. In order to represent both vegetative and generative transcriptomes a combined
library from M, L and F samples was generated. In order to analyse expression in detail pistillate organogenesis the nine female flower phenophases were
classified into two libraries and aligned to the A. artemisiifolia reference transcriptome.
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Appendix 5.

m

Gene Function Classification (GO)

heterocyclic compound binding
organic cyclic compound binding
transferase activity

hydrolase activity

carbohydrate derivative binding
ion binding

protein binding

transmembrane transporter activity

small molecule binding
protein complex
membrane-bounded organelle
membrane part

organelle part

cell part

single-organism metabolic process

single-organism localization
single-organism cellular process
response to chemical

regulation of biological process
primary metabolic process

organic substance metabolic process
nitrogen compound metabolic process

establishment of localization
cellular response to stimulus

cellular metabolic process &

cellular component organization
biosynthetic process

S

=

3
30
[ E
i
el

I X}
RN
L 104
[S=——=""]
i
[——) £

66

e 30
tekilld
1
[ ¥}
=17
JE—
[EE—t ¥
I ¥
[ ]
e 3

=]

Percent of Unigenes

10 20 30 40 50 60 70 80

B Expression rate of GO

transmembrane transporter activity
response to chemical

protein binding

protein complex

single-organism localization

ion binding

cellular component organization
cellular response to stimulus.
organelle part

carbohydrate derivative binding
hydrolase activity

single-organism metabolic process
transferase activity

small molecule binding
biosynthetic process
establishment of localization
regulation of biological process
membrane-bounded organelle

nitrogen compound metabolic process

single-organism cellular process
heterocyclic compound binding
organic cyclic compound binding
membrane part

cell part

primary metabolic process

cellular metabolic process

organic substance metabolic process

e
e
——

© Biological Process

—
—

—_

® Cellular Component

—_

—_

# Molecular Function

B

0

10

20 30 40 50 60 70 80

Percent of Unigenes

Functional classification of A. artemisiifolia unigenes in reproductive organs. A. Expression pattern of
transcript products within the category of (C) cellular component, (M) molecular function, and (B)
biological process sub-ontologies. B. Sub ontologies were arranged according to Expression rate. The
most intense gene expressions were found to be in metabolic processes, catalytic and binding activity
ontology.
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Appendix 6. GO graph of biological process. GO graph performed based on GO table of 80 discussed genes.
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Appendix 7. GO graph of cellular component. GO graph performed based on GO table of 80 discussed
genes.
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