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Abstract
Background: Microspore embryogenesis is potentially the most effective method of obtaining doubled
haploids (DH), which are utilized in breeding programs to accelerate production of new cultivars.
However, the regeneration of albino plants signi�cantly limits the exploitation of androgenesis for DH
production in cereals. Despite many efforts, the precise mechanisms leading to development of albino
regenerants have not yet been elucidated. The objective of this study was to reveal the genotype-
dependent molecular differences in chloroplast differentiation that lead to the formation of green and
albino regenerants in microspore culture of barley.

Results: We performed a detailed analysis of plastid differentiation at successive stages of androgenesis
in two barley cultivars, ‘Jersey’ and ‘Mercada’ that differed in their ability to produce green regenerants.
We demonstrated the lack of transition from the NEP-dependent to PEP-dependent transcription in
plastids of ‘Mercada’ that produced mostly albino regenerants in microspore culture. The failed NEP-to-
PEP transition was associated with the lack of activity of Sig2 gene encoding a sigma factor necessary
for transcription of plastid rRNA genes. The impaired PEP activity caused a very low level of 16S and 23S
rRNA transcripts, lack of plastid translation machinery and inhibition of photomorphogenesis in
regenerating embryos and albino regenerants. Furthermore, the plastids present in differentiating
‘Mercada’ embryos contained a low number of plastome copies whose replication was not always
completed. Contrary to ‘Mercada’, ‘Jersey’ that produced 90% green regenerants, showed the high activity
of PEP, the highly increased expression of Sig2, plastid rRNA and tRNAGlu transcripts, which indicated the
NEP inhibition. The increased expression of GLKs genes encoding transcription factors required for
induction of photomorphogenesis was also observed in ‘Jersey’ regenerants. 

Conclusions: Proplastids present in microspore-derived embryos of albino-producing genotypes did not
pass the early checkpoint of their development that are required for induction of further light-dependent
differentiation of chloroplasts. The failed activation of plastid-encoded RNA polymerase during
differentiation of embryos was the main cause of the genotype-dependent inability to regenerate green
plants in barley microspore culture. The better understanding of molecular mechanism underlying
formation of albino regenerants may be helpful in overcoming the problem of albinism in cereal
androgenesis. 

Background
Isolated microspore culture via microspore embryogenesis is the most effective of haploid/doubled
haploid (DH) production methods that are used in plant breeding programs to shorten the time required
for development of new varieties [1–3]. Microspores, which originate from reduction division of pollen
mother cells, develop in vivo into pollen grains [4, 5]. By the exposition to stress factors such as starvation
or temperature regime, microspores can be induced to enter the path of embryogenesis [6]. Stress
treatment or pre-treatment reprograms the gametophytic pathway of microspore development into the
sporophytic one (androgenesis), which results in induction of embryo formation and regeneration of
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androgenic plants [7, 8]. Despite the available optimized protocols for induction of microspore
embryogenesis, the process remains highly genotype-dependent. Moreover, even if a su�cient number of
regenerants is produced in culture, the effectiveness of androgenesis in cereals is vastly limited by
regeneration of albino plants, which reduces the utilisation of androgenesis in breeding programs.
Albinism is a phenomenon that is distinctive for cereals and grasses, and occurs in a wide frequency
range in nearly all agronomically important monocot species, including wheat [9, 10], rice [11], barley [12,
13] and triticale [14].

Regeneration of green plants is possible when proplastids enclosed in microspores, that in vivo develop
into amyloplasts [15], differentiate into chloroplasts during in vitro culture. Yet, not all proplastids present
in cultured microspores develop into chloroplasts. Some of them follow the same developmental
pathway as proplastids during in vivo pollen development and differentiate into amyloplasts, some do
not progress into plastids and degenerate. In such cases, microspore-derived embryos do not contain
plastids capable to carry photosysnthesis and the regenerated albino plants are unable to grow outside
the in vitro cultures [16]. Albinism is a highly genotype-dependent process and the frequency of
regeneration of albino plants among cultivars varies between 1–100%, which shows that some
genotypes are more prone to the regeneration of albino plants [17]. Our previous study that focused on
biogenesis and differentiation of plastids during development of pollen grains in vivo indicated that the
genotype-dependent regeneration of albino plants in barley is determined by the time of activation of
starch-synthesis apparatus related to proplastid-to-amyloplast transition during microgametogenesis
[18]. Furthermore, as a primary cause of albino plants formation in vitro, deletions in the plastid genome
were indicated in barley [19–21], triticale [22], wheat [19, 22, 23] and rice [24, 25]. However, another study
showed many differences in expression level of plastid-encoded genes between albino and green
regenerants but no changes in the plastid genome [26]. Attempts have been also made to identify QTLs
associated with the frequency of green plant regeneration in barley [27, 28] and triticale [29]. Yet, the
detailed mechanism leading to the detention of chloroplast differentiation has not been revealed.

Chloroplasts contain their own genome (plastome, ptDNA) that is represented by many copies (10–500
copies per one plastid) included in the stroma [30, 31]. Approximately 140 genes are located in the
plastome that encode subunits of plastid-encoded polymerase (PEP), proteins of ribosome subunits,
plastid rRNAs and tRNAs, and proteins of photosynthetic apparatus [32]. Nevertheless, ptDNA contains
only small amount of information that is required for development of functional organelle and most of
the proteins are encoded in the nuclear genome. Thus, the differentiation of plastids requires the
coordinated expression of plastid-encoded and several thousand of nuclear-encoded genes [33] and
depends on the nucleus-to-plastid (anterograde signalling) and plastid-to-nucleus (retrograde signalling)
communication. This communication is necessary for all processes regarding the chloroplast formation,
including plastome integrity, transcription, translation and assembly of photosynthetic complexes [30, 34,
35]. Anterograde communication involves import of nuclear-encoded proteins synthesised in cytosol that
is carried out mainly by TIC/TOC complex [36, 37]. Any knockout mutation resulting in a lack of proteins
that are assembled in the import complexes blocks chloroplast differentiation and leads to the albino
phenotype [36]. The communication of nucleus-to-plastid is also required for transcription occurring in
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plastids that is performed by two RNA polymerases: NEP (nuclear-encoded polymerase) and PEP (plastid-
encoded polymerase). NEP and PEP recognise speci�c promoters and transcribe partially coinciding and
speci�c set of genes [38–40]. During early stage of plastid biogenesis NEP plays a crucial role in
transcription of plastid-localised genes related to plastid biogenesis including transcription and
translation. NEP is a single-subunit phage-type RNA polymerase encoded by RpoTp gene. Dicots harbour
additional NEP polymerase encoded by RpoTmp gene that transcribes genes in plastids and
mitochondria [41]. During progression of proplastid-to-chloroplast differentiation the main role in plastid
genes transcription is acquired by bacterial-type PEP that consists of �ve subunits: two α and β, β’, β’’
encoded respectively by plastid rpoA and rpoB, rpoC1, rpoC2 genes assembled in separate operons [42].
PEP for its action requires sigma factors that are encoded in the nuclear genome by Sig1-Sig6 genes and
enable recognition of speci�c promoters and initiation of transcription by the PEP holoenzyme.

Among sigma factors, SIG2 and SIG6 are required in early plastid biogenesis and are positive regulated in
response to light by phytochromes A and B [43, 44]. SIG2-dependent transcription includes tRNAGlu that
plays a dual role: as a component in translation during chloroplast differentiation and as a substrate in
synthesis of 5-aminolevulinic acid which is a precursor of chlorophyll and serves as a retrograde signal
[45]. At early phase of plastid biogenesis, the SIG2 imported to plastid forms a complex with the PEP and
initiates the transcription of tRNAGlu. The high level of tRNAGlu transcripts inhibits the activity of NEP by
binding to it [46, 47]. PEP provides a high level of transcripts of plastid-localised genes which is required
for effective assembling of chloroplasts [48]. Plastid mRNAs are translated by the plastid translation
machinery that involves 70S ribosome built of proteins encoded by nuclear and plastid genes and plastid-
encoded rRNAs. All tRNAs required for translation occurring in plastids are encoded in the plastome.
Among factors involved in initiation, elongation and termination of translation only one, IF1 (Initiation
factor1) is encoded by a gene (infA) localised in the plastome [49, 50].

Proper transcription and translation occurring in proplastid as well as integral plastome are the �rst
checkpoint during plastid and are required to induce further light-dependent maturation of chloroplast
including assembly of the PEP holoenzyme which must be �nished before photomorphogenesis can be
performed [51, 52]. Light-activated phytochromes bind transcription factors PIFs (Phytochrome-
Interacting Factors) which are repressors of photomorphogenesis and suppress differentiation of
chloroplast in darkness [31, 53]. PIFs degradation initiates expression of transcription factors reminding
under PIFs control including GLKs (Gloden-like) and HY5 (Long Hypocotyl5) whose activation induces
expression of photosynthesis-associated nuclear genes (PhANGs) and other nuclear-encoded genes
related to chlorophyll synthesis [54–56]. Overexpression of GLKs induced chloroplast development and
greening of Arabidopsis roots [57] and rice callus tissue [58]. Deprivation of light induces
scotomorphogenesis and development of etioplasts that contain protochlorophyllide and prolamellar
body [59]. Many photosynthesis-related proteins were identi�ed in etioplasts including subunits of ATP
synthase, RubisCo and cytochrome b6f complexes [60, 61]. Under exposure of etiolated tissues to light,
the development of chloroplasts and greening occurs which indicates that the prolamellar body is the
precursor of thylakoids [62]. Alterations in plastid biogenesis, including plastid transcription, translation
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and signalling, frequently lead to the albino phenotype [33], therefore the role of plastid to chloroplast
differentiation during androgenic culture seems to be crucial in transition of microspore plastids to fully
assembled and functional chloroplasts.

In our previous studies on differentiation of plastids during microsporogenesis in vivo we found that
barley cultivars producing mostly albino regenerants in androgenesis showed early activation of starch
synthesis genes, differentiation of proplastids into amyloplasts and degradation of plastomes during
microspore development [18]. Using spring barley genotypes that differed in their ability to regenerate
green plants we con�rmed the correlation between plastid differentiation prior to culture and albino
regeneration in culture. However, we have not analysed the molecular mechanisms leading to
regeneration of green and albino regenerants from microspore-derived embryos during in vitro culture.
Here we present, for the �rst time, a detailed analysis of plastid differentiation at successive stages of
androgenic embryo formation and plant regeneration in two barley cultivars that differ in their ability to
produce green regenerants in isolated microspore culture. Based on the analysis of expression pro�les of
genes involved in transcription and translation occurring in plastids and genes related to chloroplast
differentiation, together with determining the plastome copy number and analysis of plastid morphology
and ultrastructure, we indicated the mechanisms that underlie the alterations in chloroplast development
leading to the formation of albino plants. We revealed the molecular processes responsible for the failed
activation of plastome transcription in the albino-producing genotype and discuss the mechanisms of
chloroplast formation that differed in both genotypes.

Results

Androgenic potential of ‘Jersey’ and ‘Mercada’ cultivars
Plant regeneration in isolated microspore culture of cvs. ‘Jersey’ and ‘Mercada’ occurred via process of
microspore embryogenesis in which several phases could be distinguished. The �rst stage after
pretreatment - induction of sporophytic development, involved cell divisions within the exine wall that led
to the formation of a multicellular structure on the 7th day of culture (7dC, Fig. 1a). Rapture of the exine
wall and further cell divisions led to the formation of structures that could be observed on the 21st day of
culture (21dC) as globular pro-embryos (Fig. 1b). At this stage, the developed pro-embryos were
transferred onto differentiation medium for two weeks (Fig. 1e). On the 35th day of culture (35dC), the
meristematic zone could be recognised in differentiating embryos (Fig. 1c). Then, the embryos were
transferred onto regeneration medium, for the �rst �ve days in dark and next in light (Fig. 1e). Already
after eight days on regeneration medium, on the 43rd day of culture (43dC), the embryo body axis was
detectable (Fig. 1d). The fully developed androgenic embryos, ready to convert into plants were visible on
46th day of in vitro culture (46dC, Fig. 2a). The further stages of plant regeneration presented in Fig. 2a,b
refer to the time points used in this study for molecular analysis. It should be underlined that microspore-
derived embryos of both cultivars reached the same stage of development at the same time.
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Both cultivars selected for the study, ‘Jersey’ and ‘Mercada’, exhibited a high regeneration potential in
isolated microspore culture and produced over 100 plants per 100,000 plated microspores. Along with the
high overall number of regenerants, ‘Jersey’ and ‘Mercada’ differed in the frequency of regeneration of
green plants. ‘Jersey’ regenerated 90% green plants whereas ‘Mercada’ produced only 5–10% green
regenerants and the majority of regenerants were albino, irrespectively of the stress treatment applied for
inducing of androgenesis (Fig. 2c). A slight increase in the contribution of green plants among
regenerants was observed in ‘Mercada’ culture after SMB1 pre-treatment, but it was accompanied with
reduction of the overall regeneration ability, compared to the cold pre-treatment (Fig. 2c). These results
suggest that the modi�cation of inductive treatment did not overcome the genotype-dependent formation
of albino regenerants in barley androgenesis.

Plastid biogenesis and development during microspore-
derived embryo formation and differentiation
At the stage of culture initiation, cvs. ‘Mercada’ and ‘Jersey’ showed differences in the types of plastids
presented in the mid-to-late (ML) microspores utilised to initiate in vitro culture. Cv. ‘Mercada’, that
produced mostly albino plants in androgenesis, contained 50% amyloplasts that were �lled with starch
grains and 50% proplastids, whereas cv. ‘Jersey’ contained only initial and differentiating proplastids. The
initial undifferentiated proplastids were characterised by a low electron density and the presence of single
invaginations from the inner membrane, whereas the electron density of the differentiating proplastids
was much higher (Fig. 3a). After pre-treatment, till 2dC, no changes occurred in the number and types of
plastids presented in both cultivars. On 4dC, the proplastid differentiation into amyloplasts was observed
in cv. ‘Jersey’ and the increase in the number of amyloplasts in cv. ‘Mercada’. At the end of pro-embryo
formation, on 21dC, the number and types of plastids were similar in both cultivars, with ca. 60% of
amyloplasts (Fig. 3a). Interestingly, at the end of differentiation phase, on 35dC, the number of plastids
rapidly decreased in both cultivars, and initial proplastids represented 50% of observed plastids. The
similar number and types of plastid were observed in apical domain of fully developed androgenic
embryos of both cultivars (43dC) which implies that androgenic embryos contain the same categories of
plastids, irrespectively of the types of produced regenerants.

Taking into account the presence of amyloplast in microspore-derived embryos of both cultivars, we
analysed the expression of genes encoding isoforms of enzymes involved in reserve and assimilatory
starch synthesis (Additional �le 1: Table S1). At the stage of culture initiation, in ML microspores the
expression level of genes Dpe2, GBSSI and Sbe1 involved in reserve starch synthesis was signi�cantly
higher in cv. ‘Mercada’, which was in accordance with the presence of amyloplasts observed exclusively
in microspores of this cultivar (Fig. 3b). During isolated microspore culture, the expression of these genes
decreased in both cultivars, which indicates the inhibition of reserve starch synthesis after stress
treatment and induction of androgenesis. Contrary, the GBSSIb and SSIIb genes encoding enzymes of
assimilatory starch synthesis increased gradually after pre-treatment in both cultivars (Fig. 3c). In cv.
‘Jersey’ the increase in expression of GBSSIb and SSIIb genes was observed already on 2dC and 4dC,
respectively which explains the presence of starch-accumulating plastids observed in this cultivar on 4dC.



Page 7/37

The highest expression level of GBSSIb and SSIIb genes was observed on 21dC in developed pro-embryos
of both cultivars. Interestingly, during embryo induction and pro-embryo development on 7dC and 21dC,
no signi�cant differences were observed between tested cultivars in the expression level of most genes
related to plastid biogenesis that are involved transcription and translation occurring in plastids. It should
be noted that expression of these genes was higher in the cv. ‘Mercada’ compared to ‘Jersey’ at the stage
of culture initiation (Fig. 4; Additional �le 1: Figure S1) and expression of most of the genes involved in
transcription including NEP (RpoTp gene), PEP subunits (encoded by genes rpoA, rpoB, rpoC1, rpoC2) was
again higher in cv. ‘Mercada’ at the end of embryo differentiation and body axis formation (35dC and
43dC; Fig. 4). Such differences were not observed for the majority of genes involved in translation that
encode plastid rRNA (Fig. 4c) and proteins of ribosome subunits (Additional �le 1: Figure S1).

Taking into account these data, we conclude that green and albino producing cultivars did not show any
substantial differences in plastid types and numbers during androgenic embryo induction and
differentiation stage, however the developed embryos on 35dC and 43dC differed at the expression level
of genes related to plastid biogenesis.

The �uctuation of plastome copy numbers during isolated
microspore culture
Together with the plastid number, we assessed the number of plastid genomes during isolated
microspore culture. During culture initiation and embryo formation, the plastome copy number, which in
ML microspores was twice as high in cv. ‘Jersey’ than ‘Mercada’, increased signi�cantly in both cultivars
and reached the highest value on 21dC (Fig. 5a). During differentiation of androgenic pro-embryos,
between 21dC and 35dC, the rapid decrease (9 and 7 times in cv. ‘Jersey’ and ‘Mercada’, respectively) in
plastome copy number was detected, parallel to the observed reduction in the number of plastids.
However, while the number of plastids in the developed androgenic embryos on 43dC remained similar in
both cultivars, the plastome copy number in plastids of cv. ‘Mercada’ was twice lower than in cv. ‘Jersey’
(Fig. 5a). Additionally, since the 35dC and the decline in the plastome copy number, the signi�cant
deviation of the copies of individual plastid genes was observed in cv. ‘Mercada’ (Fig. 5b).

The increase of the plastome copy number after pre-treatment indicated the induction of plastome
replication process, therefore we analysed the expression pro�le of Polγ gene encoding the organellar
DNA polymerase. Expression of Polγ gene was similar in ML microspores of both cultivars (Fig. 5c).
During embryo induction phase, from 2dC to 7dC, the Polγ expression level in cv. ‘Mercada’ was much
lower than in cv. ‘Jersey’ but equalized at the end of pro-embryo formation (21 dC, Fig. 5c). Expression of
Polγ gene pro�led similarly in both cultivars during embryo differentiation and body axis formation,
which indicates that plastome replication was still active in both cultivars.

Since the culture is induced from immature pollen, we analysed the expression level of DPD1 gene
encoding organelle exonuclease that acts during pollen development in vivo and degrades organellar
DNA during plastid differentiation. At the stage of culture initiation, the expression level of DPD1 gene
was 2-2.5 times higher in ML and pre-treated microspores of cv. ‘Mercada’ than cv. ‘Jersey’ and decreased
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during culture initiation (Fig. 5c). DPD1 gene was active in cv. ‘Mercada’ already in microspores at the
early stage of development, before culture initiation (Additional �le 1: Figure S2). This suggests an earlier
activation of plastome degradation in cv. ‘Mercada’ during microspore development proceeding culture
initiation.

Differences in plastid biogenesis between cvs. ‘Jersey’ and
‘Mercada’ during regeneration of microspore-derived plants
Despite the similar number of plastome copies in both cultivars at the end of body axis formation phase
(43dC), the deviation in the copy number of particular plastid genes could possibly affect the further
plastid development, therefore we continued the analysis of gene expression involved in plastid
biogenesis (Additional �le 1: Table S1) during regeneration of androgenic plants (46dC, 50dC and 55 dC).

The average plastome copy number in cvs. ‘Jersey’ and ‘Mercada’ increased in converting embryos and
regenerated plant compared to 43dC, which indicated the replication of plastid genomes, con�rmed by
the increased expression of Polγ gene in cv. ‘Jersey’ (Additional �le 1: Figure S3a,c). However, as we
observed previously in. cv. ‘Mercada’ during embryo development, also during embryo conversion and
regenerant development the copy number of particular genes did not represent the expected value
regarding their localisation in the plastid genomes (Additional �le 1: Figure S3b).

What was the most striking, during regeneration of cv. ‘Jersey’ plants, the expression of 16S and 23S
genes encoding plastid rRNA increased immensely since 46dC (20 to 30-fold) to reach 300–500 times
higher level on 55dC. In contrast to ‘Jersey’, during regeneration of cv. ‘Mercada’ plants, we did not
observe any signi�cant increase in the level of plastid-encoded rRNA transcripts between 46 dC and 55dC
(Fig. 6a). The expression of 16S and 23S genes in ‘Mercada’ albino regenerants on 55dC remained at the
same level as in 43-day old embryos, which had only the visible body axis. The expression of other tested
genes related to translation: rps8, rpl16 encoding proteins of small and large subunits of ribosome and
infA, InfB encoding translation initiation factors increased in both cultivars during regeneration (Fig. 6b,c).
Nonetheless, this growth was observed in cv. ‘Jersey’ already on 46dC, while in cv. ‘Mercada’ on 55dC in
developed regenerants. On 55dC the level of expression of translation-related genes, except for InfB, was
similar in both cultivars.

We concluded that the vast increase in plastid rRNA transcript level is required for regeneration of green
plants during conversion of androgenic embryos. As a high level of expression of plastid rRNA genes is
provided only by transcription carried by PEP (Plastid-encoded RNA polymerase), we analysed expression
of other genes related to the process of transcription occurring in plastids. They were genes encoding
proteins such as NEP (Nuclear-encoded RNA polymerase), subunits of PEP, SIG2 (sigma factor2 involved
in transcription of plastid tRNAs) and trnE (tRNAGlu), mediating the switch between NEP- and PEP-
dependent transcription.

In androgenic embryos of cv. ‘Mercada’ the expression level of RpoTp gene encoding NEP was three times
higher than in cv. ‘Jersey’ on 43dC. In the further stages of regeneration the expression of this gene was
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similar in both cultivars, with the highest level in cv. ‘Mercada’ on 55dC (Fig. 7a).Two plastid-localised
genes rpoA and rpoB encoding subunits α and β of PEP showed diverged pro�les of expression between
cvs. ‘Jersey’ and ‘Mercada’. In cv. ‘Jersey’, expression of rpoA increased gradually during embryo
conversion and reached the highest level on 55dC, while in ‘Mercada’ the increase in rpoA transcript level
could be observed only on 55dC (Fig. 7b). It should be noted that the plastid-localised rpoA gene is
transcribed preferentially by the PEP itself, so a low level of its transcription indicated a low activity of
PEP in regenerating ‘Mercada’ embryos. Contrary to the rpoA, the rpoB gene encoding the β subunit of
PEP, is preferentially transcribed by the NEP [38]. The transcription level of rpoB remained low and
unchanged in ‘Jersey’ throughout the whole regeneration phase, while in ‘Mercada’ it increased
signi�cantly on 55dC compared to 43dC (Fig. 7b).

The high level of rpoB transcripts in ‘Mercada’ plants and differences in expression pro�les of RpoTp and
rpoA genes between both cultivars suggested that NEP was constantly active in plastids of regenerating
‘Mercada’ embryos and regenerated plants. Consequently, we performed analysis of expression of
tRNAGlu and Sig2 genes involved in transition from NEP to PEP-dependent transcription. Sig2, located in
nucleus, encodes a sigma factor necessary for transcription initiation of plastome genes by PEP. Among
these genes is tRNAGlu, whose transcription product, after reaching a certain level, inhibits the activity of
NEP in plastids [46]. Both genes: Sig2 and tRNAGlu, showed a similar expression pattern during
regeneration but different for both cultivars. In cv. ‘Jersey’ the expression levels of Sig2 and tRNAGlu genes
were signi�cantly higher than in cv. ‘Mercada’ at each time point of plant regeneration (Fig. 7). Already on
46dC the expression levels of Sig2 and tRNAGlu genes were 37 and 5 times higher than on 43dC in cv.
‘Jersey’, while they remained unchanged until 55dC in cv. ‘Mercada’. At this time point a remarkably high
increase of Sig2 and tRNAGlu expression was observed in ‘Jersey’ (380 times and 20 times higher
compared to 43dC, respectively). These results indicate the high activation of PEP in plastids of ‘Jersey’
embryos as early as embryo conversion stage and a lack of PEP activation at the same developmental
stage in ‘Mercada’ embryos.

Chloroplast differentiation during regeneration of
androgenic plants
The light-induced proplastid-to-chloroplast transition is a required step for further chloroplast
differentiation that involves the e�cient activation of expression of plastid genes, including rRNA genes,
and induction of photomorphogenesis. Thus, we performed the analysis of expression of genes related to
photomorphogenesis and chloroplast differentiation during regeneration of androgenic plants, including
genes encoding phytochromes, transcription factors that regulate photomorphogenesis and chlorophyll
synthesis, and genes encoding enzymes involved in thylakoid synthesis and docking (Additional �le 1:
Table S1).

No signi�cant differences in expression pro�les of PhyA and PhyB encoding phytochromes were
observed between cvs. ‘Jersey’ and ‘Mercada’ during regeneration, except for androgenic embryos on
43dC (Fig. 8a). We observed, however, substantial differences between both cultivars in expression of
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Glk1 and Glk2 genes encoding transcription factors that are positive regulators of photomorphogenesis,
starting from 46dC. In cv. ‘Jersey’ there was a signi�cant increase of both genes expression, reaching
100–200 times higher level on 55dC compared to 43dC (Fig. 8b). Contrary to ‘Jersey’, in cv. ‘Mercada’
expression of both Glk genes was constant during embryo conversion and plant regeneration. The high
increase of Glk genes expression in cv. ‘Jersey’, observed already in converting embryos, indicates the
activation of photomorphogenesis in ‘Jersey’ plastids in the GLK-dependent pathway. The lack of
increased expression of Glk genes in cv. ‘Mercada’ suggests that chloroplast differentiation was detained
during regeneration stage in this genotype.

A signi�cant difference was observed in expression pro�le of PIF1 regulating the chlorophyll synthesis
which is also affected by light perception. In cv. ‘Jersey’ activation of PIF1 was observed in converting
embryos on 46dC, whereas in cv. ‘Mercada’ a twice lower expression compared to cv. ‘Jersey’ was
observed, that was stable throughout the whole regeneration period (Fig. 8c). Such differences between
cultivars were not observed in expression pro�les of Hy5 encoding another transcription factor involved in
activation of nuclear genes controlling chloroplast development and PGP1 and RABA5e genes involved in
synthesis and docking of thylakoid membrane, respectively, which are not affected by light perception
(Additional �le 1: Figure S4).

Transmission electron microscopy analysis was performed to evaluate the number and describe types of
plastids present in converting embryos and in leaves of regenerated plants on 43, 46, 50 and 55 day of
culture of ‘Mercada’ and ‘Jersey’. No differences in plastid number between ‘Jersey’ and ‘Mercada’ were
observed in the subsequent days of regeneration (Fig. 8d). Also, on 43dC, similar types of plastids (initial
proplastids, proplastids and amyloplasts) were observed in similar proportion in both genotypes.
However, since 46dC, when shoot apex become clearly visible in converting embryos, the signi�cant
differences were present in plastid types between analysed cultivars. In mesophyll cells of ‘Jersey’
regenerants, the majority of plastids were represented by chloroplasts, and only a small number of
etioplasts was present on 46dC (Fig. 8d). Chloroplasts were characterised by well-developed grana,
whereas etioplast contained only prolamellar body (Additional �le 1: Figure S5). Later on, on 50dC and
55dC, only chloroplasts were observed in leaves of ‘Jersey’ regenerants, 90% of which were green. On the
other hand, in cv. ‘Mercada’ that regenerated mostly albino plants, on 46dC a similar fraction (50%) of
proplastids etioplast-like plastids was observed (Fig. 8d). Similar results were obtained for mesophyll
cells of ‘Mercada’ regenerant leaves on 50dC and 55dC. The etioplast-like plastids in cv. ‘Mercada’
regenerants were more advanced in development and contained single perforated thylakoids and
incipient grana without organized structure (Additional �le 1: Figure S5).

These data taken together suggest that the proper plastid biogenesis and activation of
photomorphogenesis led to green plant regeneration in cv. ‘Jersey’. Light-activated differentiation of
chloroplast was not observed in cv. ‘Mercada’ resulting in regeneration of albino plants.

Characterisation of albino regenerants of cvs. ‘Jersey’ and
‘Mercada’
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Cv. ‘Jersey’, which in isolated microspore culture regenerated mostly green plants, produced also a small
number (5–10%) of albino regenerants. To determine whether the processes that caused the albino
formation in ‘Jersey’ were similar to those which occurred in ‘Mercada’, we compared expression pro�les
of genes involved in plastid biogenesis, chloroplast differentiation, photomorphogenesis and
photosynthesis (Additional �le 1: Table S1), as well as plastid ultrastructure and plastome replication in
the albino and green regenerants of both genotypes.

The albino plants of both cultivars differed from the green regenerants of the corresponding cultivar in
the expression pro�le of genes related to plastid transcription, translation and protein import to plastids
(Fig. 9a). In albino regenerants of cv. ‘Jersey’ most of the tested genes engaged in these processes
exhibited signi�cantly lower expression compared to green regenerants. What is more, the relative
expression levels of the key genes of plastid biogenesis involved in the transition from NEP to PEP
transcription (rpoA, Sig2, tRNAGlu) were 2 to 5-fold lower, whereas the activity of genes encoding subunits
of PEP (rpoB, rpoC1 and rpoC2), that are predominantly transcribed by NEP, were signi�cantly higher than
in green regenerants. This data suggested that transcription occurring in plastids of ‘Jersey’ albino plants
was not switched to the PEP-dependent process and the NEP was the leading plastid RNA polymerase,
similarly to the plant regeneration in cv. ’Mercada’ cultures.

Albino regenerants of cv. ’Jersey’ and cv. ‘Mercada’ exhibited a very low level of the plastid rRNA
transcripts which was visualised by quality control of RNA samples of green and albino regenerants
using Agilent 2100 Bioanalyzer (Fig. 9b). However, contrary to cv. ‘Jersey’, the albino plants of cv.
‘Mercada’ showed a similar or even higher expression level of the majority of analysed genes (except for
tRNAGlu, Sig2, rRNAs) than green regenerants of this cultivar (Fig. 9a). These results indicate that
transcription of plastid biogenesis genes was still ongoing in albino plants of cv. ‘Mercada’. Furthermore,
when the albino regenerants of two cultivars were compared, the relative expression level of the majority
of genes related to plastid biogenesis in cv. ‘Mercada’ was higher than in cv. ‘Jersey’, independently from
the gene localisation in the plastid or nuclear genome (Additional �le 1: Figure S6). For example, RT-qPCR
analysis revealed that the expression of 16S and 23S rRNA was two to four times lower in albino plants
of cv. ‘Jersey’ than ‘Mercada’ (Additional �le 1: Figure S6).

The lack of NEP-to-PEP transition during early stage of chloroplast biogenesis caused the arrest of
plastid development in both cultivars. Albino regenerants of both, ‘Jersey’ and ‘Mercada’ exhibited a
signi�cantly lower, than green plants, expression of genes encoding GLK transcription factors
participating in regulation of photomorphogenesis. Also the transcription activity of other genes involved
in chloroplast differentiation, such as PIF1 (regulating the chlorophyll synthesis), PGP1 (involved in
synthesis of thylakoid membrane) and RABA5e (responsible for docking of thylakoid membrane) was
reduced in albino regenerants of cv. ‘Jersey’ (Fig. 10). Interestingly, in albino regenerants of cv. Mercada’,
the transcription level of all examined genes related to photomorphogenesis was similar or higher
compared to the green plants. These results were in agreement with the observations of plastid
ultrastructure in regenerants of both genotypes. TEM analysis of plastids present in leaf mesophyll cells
of albino regenerants revealed differences between ‘Jersey’ and ‘Mercada’. In albino regenerants of both
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cultivars, we identi�ed only differentiating proplastids and plastid similar to etioplasts, however at
different stages of differentiation (Fig. 9c,d). That etioplast-like plastids in ‘Jersey’ contained only the
prolamellar body, and no structures similar to prothylakoids were observed (Fig. 9d). Whereas in the case
of etioplast-like plastids in ‘Mercada’, both the prolamellar body and non-organized
prothylakoid/thylakoid structures were present (Fig. 9d). Since in both genotypes the conversion of
observed plastids to chloroplast did not occurred, these plastids cannot be described as functional
etioplasts. Contrary to albino plants, the structure of chloroplasts present in green regenerants did not
differ between cultivars studied (Fig. 9d).

As a result of the failed plastid-to-chloroplast transition, albino regenerants of both, ‘Jersey’ and ‘Mercada’
exhibited signi�cantly lower expression of plastid and nuclear genes that encode subunits of
photosystems I and II, ATP synthase, cytochrome f, NADH-PQ oxidoreductase and RubisCo complex,
compared to the green regenerants of a corresponding cultivar (Fig. 10).

In addition to gene expression and plastid ultrastructure, we assessed the copy number of plastome-
localised genes in green and albino regenerants. In green plants of both cultivars, the number copies of
individual genes was consistent with their localisation within the plastome. On the contrary, the albino
plants of both cultivars contained various number of copies of individual genes, which were inconsistent
with their predicted number based on gene location in the plastid genome (Fig. 11). In ‘Jersey’, the
average plastome copy number was three times lower in albino plants, compared to green regenerants
(Fig. 11a). Additionally, genes localised in inverted repeats of the plastid genome did not occur in the
predicted double number of copies compared to genes located in single copy regions. This suggests that
number of complete plastomes and thus templates were limited in albino plants of cv. ‘Jersey’, which in
turn might result in the low expression level of plastidial rRNA genes, the arrest of chloroplast
differentiation and albino phenotype of regenerants carrying these changes.

Contrary to ‘Jersey’, in albino regenerants of cv. ‘Mercada’ the average number of plastomes was two
times higher than in green plants (Fig. 11b). As we observed already during plant regeneration (Additional
�le 1: Figure S3b), the copy number of individual genes in ‘Mercada’ albino plants was not consistent with
the value predicted on the basis of gene localisation. What was interesting, the genes psbA and matK
localised proximal to the replication initiation site showed even three times higher number of copies in
albino compared to green regenerants (Fig. 11b). The copy number of genes decreased along with the
distance from the replication initiation site, which may indicate that replication has been often initiated,
but not completed.

Additional support for this observation was provided by expression analysis of Polγ gene whose
expression was two-fold higher in the albino than in green regenerants of cv. ‘Mercada’. The opposite
expression pattern was observed for cv. ‘Jersey’, in which the expression of Polγ was two times higher in
green than albino plants (Fig. 11c).

Comparison of cvs. ‘Jersey’ and ‘Mercada’ clearly showed that the cultivars presenting opposing ratio of
green and albino regenerants showed the arrest of chloroplast differentiation at an early stage of
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biogenesis. This arrest was related to the lack of PEP-dependent transcription, followed by inhibition of
photomorphogenesis.

Discussion
By treating vacuolated microspores with stress factors, e.g., starvation or cold, as applied in this study, it
is possible to change their developmental pathway from a gametophytic into a sporophytic one and to
induce microspore embryogenesis. It is well known that the reprogramming of microspore pathway is
possible only at a narrow window during microsporogenesis and in barley the e�cient embryo induction
is routinely initiated from ML uninucleate microspores. ML microspores of cvs. ‘Jersey’ and ‘Mercada’
used in our experiments went successfully through these reprogramming processes as they started
mitotic divisions and formed embryos with a high frequency. Both cultivars exhibited a similar induction
and regeneration potential of ca. 100 plants per 100,000 isolated microspores, however they differed
signi�cantly in their ability to produce green plants.

Regeneration of green plants depends on formation of chloroplasts, which in androgenic plants originate
from proplastids enclosed in microspores that initiate in vitro culture. Proplastids present in microspores
are programmed to differentiate into amyloplasts, however as we have previously showed, the stage of
microspore development at which activation and differentiation into amyloplast occurred, varied between
barley cultivars. We demonstrated that the molecular differentiation of plastids in barley microspores
prior to in vitro culture affects the genotype ability to regenerate green plants in culture [18]. Cultivars
producing mostly albino regenerants in androgenesis, such as ‘Mercada’, showed early activation of
starch synthesis genes, differentiation of proplastids into amyloplasts and degradation of plastomes
during microspore development in vivo. At the mid-to-late uninucleate (ML) stage, routinely used for
culture initiation, microspores of cv. ‘Mercada’ contained a large proportion of amyloplasts �lled with
starch, while in microspores of cv. ‘Jersey’, producing mostly green regenerants, only proplastids with no
distinctive morphology were present. Furthermore, in microspores of cv. ‘Mercada’ the activation of
reserve starch synthesis genes occurred already at the early-mid (EM) stage of development which
proceeds the stage used for culture initiation [18].

In the presented study we analysed plastid differentiation in microspores cultured in vitro. Using the same
two barley cultivars ‘Jersey’ and ‘Mercada’ we examined the differentiation of plastids at the successive
stages of in vitro culture, from the pre-treated microspores, through embryo induction and embryo
formation phase to the plant regeneration. As mentioned above, in the ML microspores of cv. ‘Mercada’
almost a half of proplastids have already been differentiated into amyloplast, which were not present in
ML microspores of ‘Jersey’. Since the fourth day of culture (4dC) we identi�ed the appearance of starch-
accumulating plastids also in dividing microspores and microspore-derived structures of cv. ‘Jersey’.
However, the analysis of gene expression revealed a different function of these amyloplasts compared to
‘Mercada’. The expression of genes encoding reserve starch was markedly reduced, while the genes
responsible for assimilatory starch synthesis were activated in ‘Jersey’ at the beginning of in vitro culture.
The physiological function of reserve and assimilatory starch differs. The reserve starch is stored for the
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long period and used as the source of energy in the next generation whereas the assimilatory starch is
temporarily accumulated during the day and is rapidly consumed to support biological activities in plant
[63]. In both cultivars, the number of amyloplasts and expression of assimilatory starch synthesis genes
reached the highest values on 21dC, when pro-embryo have been formed.

It should be noted that the increased number of amyloplasts in cv. ‘Mercada’ was observed before
activation of genes related to the assimilatory starch synthesis. Therefore, we assumed that the majority
of amyloplasts present in ML microspores of ‘Mercada’ were not degraded after pretreatment and culture
initiation, and could divide as it was described in starch accumulating tissues, for example in Oryza
sativa and Colocasia esculenta [64, 65]. Thus, the applied pre-treatment did not reverse the process of
plastid differentiation in ML microspores of cv. ‘Mercada’, including starch synthesis and accumulation.
However, the pre-treatment resulted in a decrease or even disappearance of differences between both
cultivars in expression pro�le of most genes related to plastid transcription and translation. It also
hindered the process of plastome degradation that occurs during pollen grain formation in vivo. The
degradation of plastomes in ‘Mercada’ microspores was con�rmed in this study by activation of DPD1
exonuclease responsible for degradation of plastid DNA during pollen development [66]. In ‘Mercada’
DPD1 was expressed throughout microsporogenesis, since the early stage of microspore development,
which was not observed in cv. ‘Jersey’. During successive stages of in vitro culture both cultivars
exhibited a low expression of DPD1 and a changing number of plastomes.

The number of plastid copies increased during embryo induction and formation phase in both genotypes
and reached the highest value on 21dC, in accordance with the highest number of plastids observed at
this time point.

Early phase of chloroplast differentiation is regulated by checkpoints at proplastid development,
including the stability of plastomes and effective transcription and translation processes occurring in
proplastids [51, 67]. Decrease of the number of plastid genomes is frequently observed during chloroplast
differentiation associated with plant development [68]. High demand for plastidial mRNAs and rRNAs
within the cell is covered by the great number of plastids and many copies of plastomes within plastid
[69]. The different plastome content between organs serves as a transcription regulation in plastids [70].
We observed a signi�cant decline of the plastome copy number in both cultivars between 21dC and 35dC,
i.e. during embryo differentiation phase. In cv. ‘Jersey’, in contrast to cv. ‘Mercada’, the plastome copy
number increased during the next phase of embryo development, i.e. embryo body axis formation.
Additionally, in cv. ‘Mercada’ since 35dC the copy numbers of individual genes differed from the values
expected on the basis of gene localisation within plastome. During conversion of cv. ‘Mercada’ embryos
and further development of regenerants, the average copy number of plastomes increased, however the
number of copies of individual genes were even more divergent. This indicates that the copies of
replicating plastome were inaccurate. The high number of proper plastid genomes is considered as a
checkpoint for chloroplast differentiation [71]. It was proven in Arabidopsis that the instability of plastid
genomes blocked further light-induced differentiation of proplastid into chloroplast [72]. Plastid genome



Page 15/37

of cv. ‘Mercada’ during androgenic culture showed high instability, which could in�uence the
differentiation of proplastids into chloroplasts.

The transition from NEP- to PEP-dependent transcription in plastids is a crucial factor in chloroplast
differentiation, as only plastidial transcription system is capable of providing a high level of transcripts of
plastid-encoded genes including rRNAs, tRNAs, and genes for some ribosomal proteins involved in plastid
translation [41, 73]. Mutation in each of PEP subunit genes caused an albino phenotype and a lack
photosynthesis in tobacco (Nicotiana tabacum L.) [74, 75] while a knock-out of RpoTp (encoding NEP) in
Arabidopsis resulted in delayed chloroplast development only [76]. The progress of chloroplast
differentiation, which involves light, requires SIG2-dependent expression of plastid genes to activate PEP-
dependent transcription in plastids. Among these genes is the tRNAGlu gene whose transcription product,
after reaching a certain level, inhibits the activity of NEP and thus serves as a checkpoint for induction of
chloroplast differentiation [45–47, 77]. In addition, the charged glutamyl-tRNA is the precursor for 5-
aminolevulinic acid and promotes expression of photosynthesis-associated nuclear genes in retrograde
signalling [45].

Expression pro�ling of Sig2 and tRNAGlu revealed signi�cant differences between ‘Jersey’ and ‘Mercada’
cultivars, indicating different transcription activity of polymerases NEP and PEP. In cv. ‘Jersey’ the
activation of PEP-depended transcription was observed already in converting embryos on 46dC. At this
time point, the relative expression levels of Sig2 and tRNAGlu genes in differentiating ‘Jersey’ embryos
increased 37-fold and 5-fold, respectively, compared to their levels on 43dC. Contrary to ’Jersey’, the PEP-
dependent transcription during early stages of plant regeneration in cv. ‘Mercada’ was not observed. The
relatively low expression level of tRNAGlu throughout plant regeneration indicates that NEP was still the
dominant RNA polymerase in ‘Mercada’ plastids. The additional support for ongoing activity of NEP in in
regenerating plants of cv. ‘Mercada’ was given by a high expression of rpoB gene that is dominantly
transcribed by NEP. Furthermore, expression pro�le of Sig2 normalized to the reference genes ARF1 (ADP-
ribosylation factor 1-like protein) and EF1 (Translation elongation factor 1-a), clearly showed that this
nuclear gene was active only since 46dC and only in ‘Jersey’ embryos (Additional �le 1: Figure S7). This
raises the question about the factor (factors) that triggered the Sig2 activation in ‘Jersey’ embryos but did
not act in ‘Mercada’. We assume that the mechanism leading to the lack of Sig2 expression in ‘Mercada’
may be related to the genome instability observed during embryo formation in this cultivar. As described
above, since 35dC, the plastids of cv. ‘Mercada’ contained incorrect copies of plastic genomes and on
43dC they had the lowest number of genome copies during the whole in vitro culture. The integrity of
plastid genome is considered as a checkpoint during early proplastid-to-chloroplast differentiation [78,
79]. Differentiation of chloroplasts depends on the effective nucleus-to-plastid (anterograde) and plastid-
to-nucleus (retrograde) signaling and the lack of signal from plastids might result in the absence or
de�ciency of transcription activation in the nucleus. Nevertheless, the molecular mechanisms underlying
the retrograde signal that activates Sig2 gene in the nucleus remain to be uncovered.

The role of RNA polymerases seems to be crucial in regenerating green plants in microspore
embryogenesis as the albinism is a phenomenon occurring solely in cereals that harbour only one
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nuclear-encoded polymerase (RpoTp) [48]. Dicots, that do not regenerate albino plants in androgenic
culture, contain two nuclear-encoded polymerases: RpoTp and RpoTmp required for transcription
occurring in plastids, including transcription of rRNA genes [39, 80]. The main consequence of the failed
NEP-to-PEP transition in ‘Mercada’ plastids was the lack of activation of rRNAs transcription during
embryo conversion and plant regeneration stages. In ‘Jersey’ embryos, where this transition took place,
the relative expression of 16S and 23S genes encoding plastid rRNAs increased 20 to 30-fold between
43dC and 46dC and reached 300–500 times higher level in the regenerated plantlets on 55dC. When
expression pro�les of plastid rRNA genes normalized to the reference genes are observed throughout the
whole androgenesis process, it is clearly seen that the increase in rRNA levels took place only in cv.
‘Jersey’ and was initiated on 43dC (Additional File 1: Figure S7). At this time point, when body axis in
embryos become visible, embryo had been cultured for 8 days on regeneration medium, �rst at darkness
and for 3 days in light. In contrast to ‘Jersey’, during regeneration of cv. ‘Mercada’ plants we did not
observe any signi�cant increase in the level of plastid-encoded rRNA transcripts between 43dC and 55dC.
The 16S and 23S rRNAs are required for ribosome assembling and their lack results in ribosome
depletion [50], while the proper translation occurring in plastids is necessary for induction of proplastid-to-
chloroplast differentiation [81].

As a consequence of incorrect plastid biogenesis, genes encoding transcriptional factors GLKs, that are
involved in light-induced chloroplast differentiation, as well as genes related to photosynthesis were not
activated in regenerating ‘Mercada’ plants and albino regenerants of both cultivars. Similarly, barley
albostrians mutant with depletion in plastidial ribosomes showed the reduced content of mRNAs for
photosynthesis-related proteins [82].

Continuous activity of NEP in albino regenerants of cv. ‘Mercada’ resulted in accumulation of transcripts
of plastid genes whose transcription is NEP-dependent. Also other genes involved in plastid biogenesis,
such as import (Tic21, Toc159) and plastome replication stayed active. The increased expression of
these genes indicate the response at the transcription level in order to regain plastid biogenesis and
maintain chloroplast differentiation. Studies in Arabidopsis showed that the low activity of PEP in
plastids, caused by depletion of PEP subunits or sigma factors, resulted in the increased transcription of
genes dependent on NEP [45, 75, 83]. The increased level of PEP subunit transcripts encoded by rpoA,
rpoB, rpoC1, rpoC2 genes was also revealed in barley albostrians and maize iojap mutants that lack
plastid 70S ribosomes [84, 85].

Interestingly, plastids in mesophyll cells of albino plants of cv. ‘Mercada’ were more advanced in
differentiation than in albino plants of cv. ‘Jersey’ that occasionally appeared among regenerants. TEM
observations showed the presence of both, the prolamellar body and non-organized
prothylakoid/thylakoid structures in the etioplast-like plastids of ‘Mercada’, while in ‘Jerey’ etioplasts only
prolamellar bodies were present. Albino plants of cv. ‘Jersey’ exhibited a 2-fold lower average number of
plastome copies in comparison to green regenerants and a signi�cant deviation between numbers of
individual gene copies. The low number of plastidial gene copies, including rRNA-encoding genes,
provided a limited number of templates for transcription occurring in plastids, which in turn impeded the
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light-dependent chloroplast biogenesis and resulted in the arrest of plastids at early stage of
differentiation. The various number of copies of speci�c genes observed in albino plants of cv. ‘Jersey’
might result from incomplete plastome replications and/or structural changes in plastid genome, as
described in albino regenerants of many cereals [19–22].

Based on the comparison of green and albino regenerants of cvs. ‘Jersey’ and ‘Mercada’ it is worth noting
that the time of activation rather than the level of expression of speci�c genes is crucial in regeneration of
green plants. Expression of many of analysed genes including tRNAGlu, Sig2, Glk1, Glk2 increased in cv.
‘Mercada’ on 55th day of culture, yet the plastids observed in mesophyll cells of albino regenerants were
already arrested at the early stage of development. The lack of the proper plastid biogenesis during
embryo differentiation stage resulted in in the lack of proplastid-to-chloroplast transition and regeneration
of albino plants.

It should be underlined that the presented here mechanism leading to formation of albino plants in
androgenic culture is a consequence of plastid differentiation during pollen development in vivo. The
proplastids, which initiated the programme of proplastid-to-amylopast differentiation, cannot be reversed
by in vitro conditions. Therefore, microspores that contain such plastids at the stage of culture initiation
will produce mostly albino regenerants in androgenesis. Additional support for this notion was provided
by the induction of isolated microspore culture from the earlier stage of microspore development than
routinely utilised. When microspores harbour only proplastids, it is possible to signi�cantly increase the
frequency of green regenerants in barley androgenesis [18].

Conclusions
The study provides insights into molecular processes that lead to the formation of albino regenerants
during cereal androgenesis. We proved that the failed transition from NEP-dependent to PEP-dependent
transcription in proplastids present in microspore-derived embryos is responsible for the impaired
chloroplast differentiation during regeneration of androgenic plants. In the genotype that regenerated
mostly albino plants, the failed activation of PEP RNA polymerase during formation of embryos, followed
by the lack of plastid translation machinery and inhibition of photomorphogenesis, were the main causes
of the genotype-dependent inability to regenerate green plants. The lack of the PEP activity in
transcription of plastid-encoded genes, associated with the lack of Sig2 gene activation in nucleus,
indicates that proplastids did not pass the early checkpoint of their development. We suggest that the
insu�cient number of complete plastome copies, observed as early as differentiating embryos, might be
a retrograde signal that prevented the correct plastid biogenesis and chloroplast differentiation in the
albino-producing genotype.

Materials And Methods

Plant material and growth conditions
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Two spring barley cultivars ‘Jersey’ and ‘Mercada’ were utilised to perform the experiments. ‘Jersey’ is
used as a malting, whereas ‘Mercada’ is a fodder cultivar. Both cultivars are two-row.

The donor plants for isolated microspore in vitro cultures were sown and grown at 18/16 °C, illumination
200 µM s-1·m-2 photon �ux for three weeks in a growth room following transfer to a growth chamber
under controlled conditions at 17/14 °C (day/night) temperature, illumination 480–500 µM s-1·m-2 photon
�ux density and 16/8 h photoperiod.

Isolated microspore in vitro culture and sampling
Spikes containing microspores at the mid-late to late developmental stage were collected to initiate the in
vitro cultures and surface sterilised with 70% ethanol. The microspores were freshly isolated according to
procedure described by Coronado et al. [86]. Brie�y, ten spikes were homogenised twice for 20 s using a
Waring Variable-Speed Laboratory Blender (Waring Laboratory Science) in 20 ml 0.4 M mannitol. The
homogenate was �ltered through 100 µm nylon mesh and the remaining spike tissue was re-blended and
then re-�ltered. The microspores were collected via centrifugation (110 × g; 10 min; 4 °C), re-suspended in
5 ml 0.55 M maltose overlaid with 2 ml 0.4 M mannitol and centrifuged (110 × g; 10 min; 4 °C) once more.
To initiate in vitro culture the microspores present in the interphase were collected and pre-treated in
SMB1 medium [86] at 25 °C for 48 h, in a density of 100,000 microspores per 1 ml in Petri dish. The
medium was then exchanged for KBP induction medium [87] (Additional �le 1: Table S2). The cultures
were kept at 25 °C in the dark for seven days, followed by the addition of another 1 ml of fresh KBP
medium. The culture was then continued under the same conditions on a rotary shaker at 65 rpm for
another 14 days. The developed multicellular structures on 21st day were transferred onto KBPD
differentiation medium [86] (Additional �le 1: Table S2) and cultured at 25 °C in the dark. After two weeks,
the microspore-derived embryos on 35th day of culture were placed on K4NB regeneration medium [87]
(Additional �le 1: Table S2) and kept at 25 °C in the dark for �ve days followed by exposition to 100 µM s-

1·m-2 of light with a 16/8 h photoperiod.

Separate microspore isolations in three independent biological replications were used to collect samples
at the day of culture initiation (microspores at ML stage), SMB1 pre-treated microspores (PM), and
successive days of culture induction phase including 2nd, 4th, 7th ,21st day of in vitro culture, along with
the end of embryos differentiation phase in 35th day and developed androgenic embryos in 43rd day.
Following embryo formation, during regeneration process of androgenic plants the samples were
collected at the time of embryos conversion in 46th day, developing plants in 50th and 55th day of in vitro
culture. To compare regenerants of both cultivars the green and albino plants of cvs. ‘Mercada’ and
‘Jersey’ were sampled in 65th day of culture.

Gene expression pro�ling using RT-qPCR
The total RNA was extracted in three independent biological repetitions using a ‘mirVana™ miRNA
Isolation Kit’ (Thermo Fisher Scienti�c) according to the manufacturer’s instructions preceded by grinding
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samples in a frozen mortar. Isolated samples were evaluated using an ND-1000 spectrophotometer
(Thermo Fisher Scienti�c) and Agilent RNA 6 000 Nano Kit (Agilent Technologies) together with
Bioanalyzer 2100 (Agilent Technologies). One µg of total RNA per sample was treated with RQ1 RNase-
Free DNase (Promega) and reverse transcribed in a 20 µl reaction volume using a RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scienti�c) with random primers, according to the manufacturer’s
instructions. The obtained cDNA was diluted �ve-fold with water and used at a volume of 2.5 µl in RT-
qPCR. The reaction was carried out in a 10 µl volume using a LightCycler® 480 SYBR Green I Master
(Roche) in two technical repeats. The primers used in the analysis (Additional �le 1: Table S1) were
designed with Primer3 [88]. Analysis was performed using a LightCycler 480 (Roche) under the following
reaction conditions: initial denaturation 5 min at 95 °C, followed by 10 s at 95 °C, 20 s at a temperature
speci�c for the primers, 10 s at 72 °C, repeated in 40 cycles. Denaturation for the melt curve analysis was
conducted for 5 s at 95 °C, followed by 1 min at 65 °C and heating up to 98 °C (0.1 °C/s for the
�uorescence measurement). The Ct values and the value of the qPCR e�ciency were obtained from
LinRegPCR [89] and used for calculations. The relative expression level was calculated using the ΔΔCt
method [90] and calibrated the mid-to-late microspores, 43rd day of culture or regenerants of cv. ‘Jersey’
as stated in �gures descriptions. As an internal control, two genes, ARF1 and EF1 were used preceded by
the evaluation of the stability of expression using NormFinder [91] and BestKeeper [92]. To estimate the
signi�cant differences (at P < 0.05) between the compared samples, the One Way Analysis of Variance
followed by Tukey’s HSD test was applied unless otherwise noted.

Estimation of plastid gene copy number
In order to extract DNA, collected tissues were homogenised in liquid nitrogen with glass beads (Sigma
Aldrich) using a FastPrep Instrument (MP Biochemicals) followed the C-TAB method [93]. The isolated
DNA was treated with 10 µg of RNase at 37 °C for 45 min. The concentration and purity of the isolated
samples were evaluated using an ND-1000 spectrophotometer (Thermo Fisher Scienti�c). 50 ng of DNA
was used as the template to quantify the gene copy number in a 10 µl volume using a LightCycler® 480
SYBR Green I Master (Roche) in two technical repeats in LightCycler 480 (Roche) under conditions
described above. The primers used in the analysis (Additional �le 1: Table S2) were designed with
Primer3 [88]. The Ct values and the value of the qPCR e�ciency were obtained from LinRegPCR [89] and
used for calculations. The plastid genes were quanti�ed in relation to two single copy nuclear genes:
ARF1 and EF1 (Additional �le: Table S2) considering ploidy level of samples. The quanti�ed genes were
localised within a plastid genome as followed: psbA, matK, psbD, atpI, clpP, infA in LSC; ndhB, 16S, ndhH
in IR and ndhF in SSC (Additional �le: Table S2). LSC and SSC cover the long and short single copy
region, respectively, whereas IR refers to the inverted repeat region in a plastome that contains two copies
of the plastome genes. The values obtained to each of plastid genes were used to calculate the average
plastome copy number. To estimate the signi�cant differences (at P < 0.05) between the compared
samples, the One Way Analysis of Variance followed by Tukey’s HSD test or t-Student test were applied
as mentioned in the �gure description.

Transmission electron microscope (TEM) analysis
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An electron microscopic analysis using a Tecnai Sphera G2 (FEI Company) was performed based on a
previously described protocol [18]. Brie�y, the plant material was �xed by immersion for 6 h at RT in a
50 mM cacodylate buffer (pH 7.2) containing 0.5% (v/v) glutaraldehyde and 2.0% (v/v) formaldehyde,
washed in a cacodylate buffer and twice in distilled water. Next, the samples were �xed in 1.0% (v/v)
osmium tetroxide for 1 h at RT, washed twice in distilled water, dehydrated by passage through an
acetone series (20–100%) and in�ltrated with Spurr resin (Sigma Aldrich) initially 33%, then 66% and
�nally 100%.

The analysis was performed in three independent biological repetitions with at least 100 cells per
repetition. The types of plastids were recognised according to the common description as initial
undifferentiated proplastids, differentiating proplastids with few internal membranes and dense matrix,
amyloplast, etioplast and chloroplast.
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Figure 1

Development of androgenic embryos in isolated microspore culture of barley cvs. ‘Jersey’ and ‘Mercada’.
a-d Tangential sections of androgenic embryos including: induction phase of embryo formation (a), a
formed pro-embryo on 21dC (b), differentiating embryo on 35dC (c) and fully developed embryo on 43dC
with formed body axis (d). e The overview of androgenic embryo development during isolated microspore
culture. The culture is initiated from mid-to-late microspores (ML) that are pre-treated for two days in
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SMB1 medium, followed by a 3-week culture in KBP induction medium in the dark. Next, developed pro-
embryos are transferred onto KBPD differentiation medium for two weeks for differentiation. On 35dC the
differentiating embryos are transferred onto K4NB regeneration medium to form embryo body axis, �rst in
the dark and since 40dC in light. dC –day of culture, M – meristematic zone, ML – mid-to-late microspore,
P – parenchyma cells, Pt – pre-treatment, R - root apical meristem, S – shoot apical meristem, SC –
scutellum. Scale bars: 20 µm in a; 100 µm in b-d.

Figure 2
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The types of regenerants developed in isolated microspore culture of ‘Mercada’ and ‘Jersey’ cultivars. a
Subsequent phases of plant regeneration in microspore culture of cv. ‘Jersey’ and of cv. ‘Mercada’. b The
overview of embryo conversion and regenerant development starting from developed androgenic embryo
on 43dC. c The average number of regenerants obtained in isolated microspore culture initiated after cold
or SMB1 pre-treatment. Given values present mean of n ≥ 3 with SD. Different letters indicate a
signi�cant difference between cultivars and pre-treatments according to Tukey’s HSD test (P < 0.05). dC –
day of culture, GP – green plants. A red square indicates a percentage of green regenerants.
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Figure 3

Plastids density and expression of starch synthesis genes during embryo formation in ‘Jersey’ and
‘Mercada’ cultures. a Types and density of plastids present in microspores and microspore-derived
embryos at successive stages of culture. Initial proplastid was characterised by a low electron density
and the presence of single invaginations from the inner membrane, the differentiating proplastid by much
higher electron density and single invaginations from the inner membrane, amyloplast was �ll with starch
grains. Values present mean of n ≥ 3 with SD. b,c The relative expression level of genes related to reserve
starch (b) and assimilatory starch (c) synthesis in ‘Jersey’ and ‘Mercada’ cultures. Graphs show mean
values of n ≥ 3 with SEM. Relative expression level normalised to ML microspores of cv. ‘Jersey’. An
asterisk presents a value signi�cantly different between cultivars at a certain day of culture. A hash
indicates a value signi�cantly different from the preceding day of culture within cultivar (Tukey’s test, P <
0.05). ML – mid-to-late microspore, PM – pre-treated microspores, dC – day of culture.

Figure 4
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The expression pro�les of plastid biogenesis genes during embryo formation in ‘Jersey’ and ‘Mercada’
cultures. a,b Relative expression level of nuclear-encoded (a) and plastid-encoded (b) genes related to
plastid transcription: NEP (RpoTp), sigma factors (Sig2, Sig6) and PEP (rpoA, rpoB, rpoC1 and rpoC2). c
Relative expression level of plastid-encoded 16S and 23S rRNA genes. Graphs show mean values of n ≥
3 with SEM. The relative expression level normalised to ML microspores of cv. ‘Jersey’. An asterisk
presents a value signi�cantly different between cultivars at a certain day of culture. A hash indicates a
value signi�cantly different from the preceding day of culture within cultivar (Tukey’s test, P < 0.05). ML –
mid-to-late microspore, PM – pre-treated microspores, dC – day of culture.

Figure 5

Plastid DNA content during isolated microspore culture of ‘Jersey’ and ‘Mercada’ cultivars. a Average
plastome copy number in relation to nuclear genome in subsequent days of isolated microspore culture.
b The individual copy number of genes localised in the plastid genome in subsequent days of isolated
microspore culture of ‘Jersey’ and ‘Mercada’ cultivars. c The relative expression pro�le of Polγ (Organellar
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DNA polymeraseI) gene and DPD1 gene encoding Mg2+-dependent organelle exonuclease. Graphs show
mean values of n ≥ 3 with SD in a and b or SEM in c. Relative expression level normalised to ML
microspores of cv. ‘Jersey’. An asterisk presents a value signi�cantly different between cultivars at a
certain day of culture. A hash indicates a value signi�cantly different from the preceding day of culture
within cultivar (Tukey’s test, P < 0.05). A $ indicates value signi�cantly different from the calculated
average plastome copy number at a particular day of culture within cultivar (Student’s t-test, P < 0.05).
Red lines show the average copy numbers calculated from individual copies of presented genes. LSC –
long single copy, IR – inverted repeat, SSC – short single copy, ML – mid-to-late microspore, PM – pre-
treated microspores, dC – day of culture.

Figure 6

The expression pro�les of translation-related genes during regeneration of cvs. ‘Jersey’ and ‘Mercada’
plants. a The relative expression level of plastid 16S and 23S rRNA genes. b,c The relative expression
level of plastid (b) and nuclear (c) localised genes related to translation occurring in plastid encoding:
components of small ribosomal subunit (rps8), large ribosomal subunit (rpl16) and translation initiation
factors (infA, InfB) in plastids. Graphs show mean values of n ≥ 3 with SEM for relative expression level
normalised to 43dC of cv. ‘Jersey’. An asterisk presents a value signi�cantly different between cultivars at
a certain day of culture. A hash indicates a value signi�cantly different from the preceding day of culture
within cultivar (Tukey’s test, P < 0.05). dC – day of culture.
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Figure 7

The expression pro�les of transcription-related genes during regeneration of cvs. ‘Jersey’ and ‘Mercada’
plants. a,b The relative expression level of plastid (a) and nuclear (b) localised genes related to
transcription occurring in plastid encoding: NEP (nuclear-encoded polymerase; RpoTp gene), sigma factor
(Sig2), α (rpoA) and 𝛽 (rpoB) subunits of PEP (plastid-encoded polymerase) and tRNA-E (tRNAGlu)
involved in communication between nucleus and plastid. Graphs show mean values of n ≥ 3 with SEM
for relative expression level normalised to 43dC of cv. ‘Jersey’. An asterisk presents a value signi�cantly
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different between cultivars at a certain day of culture. A hash indicates a value signi�cantly different
from the preceding day of culture within cultivar (Tukey’s test, P < 0.05). dC – day of culture.

Figure 8

Chloroplast differentiation during regeneration of androgenic plants of ‘Jersey’ and ‘Mercada’ cultivars.
a,b,c The relative expression level of nuclear-localised genes encoding: phytochromes A and B (a),
transcription factors GLK1 and GLK2 (b) and PIF1 regulating the chlorophyll synthesis (c). d Types and
density of plastids observed during regeneration. Graphs show mean values of n ≥ 3 with SEM in a-c and
SD in d. Relative expression level normalised to 43dC of cv. ‘Jersey’. An asterisk presents a value
signi�cantly different between cultivars at a certain day of culture. A hash indicates a value signi�cantly
different from the preceding day of culture within cultivar (Tukey’s test, P < 0.05). dC – day of culture.
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Figure 9

Comparison of albino and green regenerants of ‘Jersey’ and ‘Mercada’ cultivars. a The relative expression
level of genes related to transcription, translation and protein import to plastid in albino regenerants of
cvs. ‘Mercada’ and ‘Jersey’ compared to corresponding green regenerant. Graphs show mean values of n
≥ 3 with SEM. Relative expression level normalised to green regenerants of each cultivar. A hash
indicates a value signi�cantly different between green and albino plants within cultivar (t-Student test, P <
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0.05). c Types and number of plastids in single cross-section of mesophyll cell of albino regenerants of
both cultivars. d Morphology of plastids observed in albino and green plants of cv. ‘Jersey’ and cv.
‘Mercada’. Graph shows mean values of n ≥ 100 with SD. Scale bars = 200 nm. Cp – prolamellar body, Gr
– granum, Ty – thylakoid.

Figure 10

The relative expression of genes related to photomorphogenesis and photosynthesis in albino
regenerants. Graphs show mean values of n ≥ 3 with SEM for relative expression level in albino plants
normalised to green regenerants (GP) of cvs. ‘Jersey’ and ‘Mercada’. A hash indicates a value signi�cantly
different in albino plant from green regenerant (t-Student test, P < 0.05). NdhM, PsaD1, RbcS and RcaA1
genes are encoded in nuclear genome.
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