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Abstract—Almost all wheat species have an unbranched spike. Tetraploid rivet wheat Triticum turgidum L.,
branched forms of which are widespread and have been known for about 2000 years, is an exception. As for
other wheat species, supernumerary spikelet forms are rare, and supernumerary spikelet/branched spike
belongs to nonstandard morphotypes. As one of the examples illustrating the law of homologous series in
variation, N.I. Vavilov presented the trait “spike branching” peculiar “not only to many wheat and rye species
but also to many other genera with spike inflorescence or panicle.” The studies of genetic factors underlying
the formation of “supernumerary spikelet/spike branching” trait and the study of peculiarities of the devel-
opment of inflorescences of nonstandard branched wheat forms made it possible to demonstrate a genetic
nature of hereditary variation of this trait. At the same time, the group of supernumerary spikelet/branched-
lines is heterogeneous, and different genetic mechanisms can underlie the formation of branched spike. This
review presents a retrospective of scientific studies devoted to the creation of supernumerary spikelet wheat
forms and to the study of genetics of “supernumerary spikelet/spike branching” trait and demonstrates the
results of modern studies of genetic regulation of morphogenesis of cereal inflorescences using supernumer-
ary spikelet lines as genetic models.
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INTRODUCTION
Studying a vast diversity of cultivated plants and

their wild relatives, Nikolai Ivanovich Vavilov for the
first time drew attention to genetically determined
similarity and relationship of the traits within the spe-
cies, as well as larger taxa (plant genera and families).
Identification of patterns in manifestation of polymor-
phism and establishment of polymorphism classes by
analogy with homological series in organic chemistry
led to the discovery of the law of homologous series in
variation. Nikolai Ivanovich formulated the law and
for the first time reported it at the Third Congress of
Breeders in Saratov in 1920. The law was repeatedly
published: initially as a small report in the proceedings
of the Third Congress of Breeders, then in 1922, the
article was published in the Journal of Genetics, and it
was published in expanded version in Theoretical
Foundations of Breeding in 1935 [1].

In the century since the discovery of the law of
homologous series in variation, its main statements
were confirmed by many examples. The universality of
the law relative to all living organisms, including the
members of the plant and animal kingdoms, was

demonstrated. Presenting a formula of accurate facts
based on evolutionary theory (according to Vavilov),
the law became an integral part of modern phyloge-
netic concepts and principles of comparative genetics
studying the genetic bases of parallelism in hereditary
variation and determination of traits and properties.
The ideas of Vavilov were developed in various fields
of modern breeding.

With the development of molecular biology meth-
ods, the focus of research began to shift toward the
study of molecular bases of parallel hereditary varia-
tion and identification of genetic factors determining
homologous traits in genetically related taxa. The
approach based on the use of natural diversity accord-
ing to a certain trait and/or experimental mutagenesis
underlies the positional cloning of genes. Another
approach involves the isolation of genes by homology
and uses the methods of comparative genetics and
genomics: based on the structural organization of the
genes well studied in model plant species and by its
homology, the genes are isolated in other, often less
studied, species. Thus, the law of homologous series in
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SUPERNUMERARY SPIKELET WHEAT FORMS AS MODELS 1299
variation is directly related to the instruments of mod-
ern comparative genetics and genomics.

As examples illustrating this law, Vavilov gave a
varietal (racial) variability of the members of Poaceae
family, among which hereditarily varying morpholog-
ical traits of the inflorescence and grain (caryopsis).
The spike branching is one of such traits, which “as
a race trait is peculiar not only to many wheat and rye
species but also to many other genera with spike inflo-
rescence or panicle inflorescence” [1]. The studies of
this trait have a long history, and in the last decade,
branched spike/supernumerary spikelet lines became
widely used models for studying the genetics of cereal
inflorescence development.

This review presents a retrospective of scientific
studies devoted to the creation of supernumerary
spikelet wheat forms and to the study of genetics of
“supernumerary spikelet/spike branching” trait; spe-
cial attention is paid to the studies of genetic regulation
of morphogenesis of cereal inflorescences using
supernumerary spikelet lines as genetic models.

WHEAT SUPERNUMERARY
SPIKELET FORMS

Almost all wheat species have an unbranched spike.
Tetraploid rivet wheat T. turgidum L. (BBAA) is an
exception. Branched forms of T. turgidum have been
known for about 2000 years; Plinius Maior mentioned
them under the name ramosum and centigranum (23–
79 AD) [2]. For a long history of existence, branched
forms of rivet wheat received many different names:
Miracle, Mummy, Egyptian, Seven-headed, etc. [2,
3]. In the 18th century, Carl Linnaeus singled out the
branched wheat into a separate species T. compositum L.
[2]. Subsequently, taxonomists considered it as a special
group of the T. turgidum species or its branched variet-
ies. At present, branched forms are allocated to the
T. turgidum convar. compositum (L.f) A. Filat. group,
which includes about twenty varieties: ramosolusitani-
cum Flaksb., nachitschevanicum Kulesh., alibekliense
Thurn., columbinum (Alef.) Koern., cubinum Dorof.,
celvinum (Alef.) Koern., etc. [2]. All these branched
forms of T. turgidum have a common spike phenotype:
additional spikelets are developed on lateral axes
(“branches”) of the spikelet rachilla and directly at
spike rachis nodes. This type of a spike e was called
turgidum type.

J. Percival [4] gives a detailed description of the
turgidum type spike in a monograph The Wheat Plant:
the upper part is normal, with a single spikelet at each
notch of the rachis, a pair of spikelets placed side by
side and arranged at right angles to each other are pro-
duced at a few of the lower notches. “Branches” or
“secondary spikes” vary in length, the longest reach
3–4 cm, and contain 10–14 spikelets, whose grains
often protrude from between the short glumes. The
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basal secondary spikes are often rudimentary, possess-
ing diminutive spikelets (Fig. 1).

Despite a wide prevalence, branched wheat T. tur-
gidum is not cultivated on a large scale. The growing
areas and ecological characteristics of the T. turgidum
convar. compositum and T. turgidum convar. turgidum
groups coincide in general; however, branched forms
are absent among the Tibetan ecotype [2].

Among the members of T. durum Desf. (BBAA),
branched forms are less common [2, 5]. In 1924,
F.A. Coffman [6] reported the emergence of sponta-
neous supernumerary spikelet mutants in the crops of
T. durum wheat of the Mindum cultivar. The spike
phenotype of detected mutants differed from the tur-
gidum type in the fact that two (less often three) addi-
tional sessile spikelets developed directly at a rachis
node. In 1952, M.M. Jakubziner found branched
forms of durum wheat in the Akmolinka 5 and Gorde-
iforme 10 cultivars and were assigned to new varieties
ramosohordeiforme Jakubz. and ramosoapulicum
Jakubz. [5]. During an expedition across Transcauca-
sia in 1961–1964, V.F. Dorofeev revealed the original
forms of durum wheat with a branched spike (var. ramo-
sohordeiforme and var. ramosoapulicum) under natural
conditions of wheat growing, where many varieties of
durum, rivet, and bread wheat were found [5].

Branched forms and forms with paired of spikelets
were found in the T. dicoccum (Schrank) Schuebl.
(BBAA) tetraploid wheat; a hybrid origin of some
branched accessions of this species was noted.
Branched forms were occasionally found among the
samples of the tetraploid T. polonicum L. (BBAA) spe-
cies [4].

Diploid wheat species (AA) have an unbranched
spike; no branched forms of these wheat species were
described [2, 7]. The induced mutants with branched
spike of T. monococcum L. (AmAm) were obtained by
Dr. Yamashita in the second half of the last century [8].

The formation of branched spike is not typical of
the bread wheat T. aestivum L. (BBAADD), or of
hexaploid wheat in general. According to F.A. Coff-
man [6], the bread wheat forms with additional spike-
lets at spike rachis nodes were described by Meunssier
in 1918. According to the spike phenotype, these forms
resembled spontaneous mutants of the durum wheat
Mindum cultivar. J. Percival described the formation
of additional (supernumerary) spikelets in the T. aestivum
bread wheat, paying attention to the fact that they can
develop (1) at right angle to the normally placed spike-
let at one rachis node or (2) arranged in parallel to the
normal spikelete [4]. Such additional spikelets (of sec-
ond type) are often rudimentary and consist only of
minute of misshapen glumes, but occasionally one to
two grains are developed in them. Most often, addi-
tional spikelets of such type are found in Chinese
bread wheat cultivars on latest tillers, while the spikes
which developed first looks normal. The trait is mani-
fested every season and can occur repeatedly [4].
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1300 DOBROVOLSKAYA

Fig. 1. Wheat spikes of different morphotypes. (a) T. аestivum standard type spike; (b) T. turgidum branched spike (genuine
branching (GB), ramified spike (RS)); (c) T. aestivum multirow spike (MRS); (d) T. аestivum GB (RS) spike; (e) T. аestivum spike
with additional horizontal spikelets (four-rowed spike (FRS); synonym tetrastichon); (f) T. аestivum spike with additional vertical
spikelets; (g) T. turgidum spike with false–true ramification (f-tR); (h) T. jakubzineri spike with sham ramification (SHR). Addi-
tional “horizontal” spikelet is designated by an arrow; additional “vertical” spikelet is marked by an asterisk.

(a) (b) (c) (d) (e)

(f) (g) (h)
Branched bread wheat forms can emerge as a result
of wide hybridization [9, 10] and of the effect of muta-
gens [11–14]. Thus, M.S. Swaminathan et al. [14]
reported obtaining the bread wheat N.P. 797 mutant
with a turgidum type of spike as a result of the effect of
the S35 isotope on the bread wheat seeds. The bread
wheat lines with additional/supernumerary spikelets
at a rachis node were isolated by V.M. Mel’nik [11]
during the treatment of the seeds of Saratovskaya 29
cultivar with a chemical mutagen nitrosomethylurea.

Branched forms of bread wheat rarely appear spon-
taneously. S. Koric [15, 16] reported obtaining the
RUSSIA
branched form of bread wheat based on a spontaneous
mutant (branched teratological plant found among
the offspring from crossing the bread wheat cultivars
with a normal spike). The spike phenotype of this form
was similar to the turgidum spike type of T. turgidum
convar. compositum. The trait was stably inherited and
was transferred to different bread wheat cultivars,
which it was proposed to assign to a separate group
T. aestivum ramifera S.K. Tibetan triplespikelet wheat
T. aestivum L. conv. tripletum is one more example of
the spontaneous formation of supernumerary spikelet
forms of bread wheat [17].
N JOURNAL OF GENETICS  Vol. 56  No. 11  2020
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DIFFERENT MORPHOTYPES
OF SUPERNUMERARY

SPIKELET WHEAT FORMS

In the second half of the last century, it was pro-
posed to use one general term “supernumerary spike-
lets (SS)” to describe branched spikes and spikes with
additional sessile spikelets [18]. The term became
widespread and is used at present to describe all super-
numerary spikelet wheat forms.

The group of supernumerary spikelet wheat forms
(SS forms) is heterogeneous. Already in early studies,
S. Koric [15, 16], A.L. Pennell and G.M. Halloran
[18] distinguished two types. The first type was called
ramified spike, RS (a synonym, genuine branching,
GB), in which the formation of lateral axes/
“branches” is observed, and additional spikelets are
developed both at the rachis nodes and on the
“branches.” This type includes a turgidum branching
typeof T. turgidum. In the second type of supernumer-
ary spikelet forms, the additional spikelets are sessile
and are formed directly at a rachis node, most fre-
quently two spikelets per the node. Such type was
called four-rowed spike, FRS (a synonym, tetrasti-
chon); it is found both in tetraploid T. durum and
T. turgidum species [6, 19] and in hexaploid T. aestivum
wheat [20].

Depending on the mutual location of additional
sessile spikelets at  rachis node in wheat, P. Martinek
and J. Bednar [20, 21] proposed to distinguish several
nonstandard spike morphotypes (Fig. 1):

(1) multirow spike (MRS)—clusters of supernu-
merary spikelets (up to ten spikelets) are located at
a rachis node [20, 21];

(2) horizontal spikelets (HS) (synonym, tetrastichon
sessile spikelets)—two or three spikelets are located in
horizontal position at a rachis node; this morphotype
includes the above-described FRS [20, 21];

(3) vertical sessile spikelets (VSS)—a pair of spike-
lets located at a  rachis node one above the other in
parallel plains; this phenotype was also called “banana
spikelets” or “tween spikelets” [20–22];

(4) genuine branching (GB) morphotype completely
corresponds to the previously described phenotype
RS/turgidum type of spike branching [15, 16, 18].

Along with a true spike branching of the bread
wheat, the spike of T. vavilovii (Thum.) Jakubz.
(BBAADD) is also frequently called branched. How-
ever, the spike phenotype significantly differs from the
spike with a turgidum type of branching, since addi-
tional spikelets at a rachis node of this wheat are not
developed, but there is an elongation of the spikelet
rachilla, on which many f lowers are formed [2]. Such
type of branching is called vavilovii, while the mor-
photype is called “sham ramification” (SHR) [20].
Tetraploid wheat T. jakubzineri Udacz. et Schachm.
(BBAA) has a similar phenotype, false-branched spike
[23]. It was demonstrated that the forms with a vavi-
RUSSIAN JOURNAL OF GENETICS  Vol. 56  No. 11 
lovii type of spike branching can emerge as a result of
wide hybridization [10].

Along with a true and false spike branching,
a false–true ramification (f-tR) or false–true ramified
spike (f-tRS) is distinguished [24]. In this morpho-
type, an elongated spikelet rachilla on which both
supernumerary spikelets in the distal part and a pair of
normal grains in the basal part are developed (Fig. 1).
This morphotype was described in the accessions of
T. turgidum tetraplod wheat [24].

Thus, supernumerary spikelet/branched wheat
varieties are a heterogeneous group; the trait varies
widely in its manifestation; and in order to distinguish
homologous variability from similar variability,
detailed studies of the spike using microscopy and
genetic analysis were required.

PECULIARITIES OF DEVELOPMENT
OF INFLORESCENCES IN SUPERNUMERARY 

SPIKELET WHEAT FORMS

Normally, the wheat inflorescence is determined.
The apical meristem of the inflorescence consistently
gives rise to lateral meristems that developed into lat-
eral spikelets until a terminal spikelet is formed. Each
primary axial (spikelet) meristem develops into a sin-
gle lateral spikelet consisting of many f lorets [25].

Detailed analysis of developing inflorescences of
supernumerary spikelet lines using a light and electron
microscopy demonstrated that changes in the devel-
opment of inflorescences do not affect the apical mer-
istem, which is developed in all lines along the stan-
dard pathway for wheat, or to the f loret meristems ini-
tiating the f loret organs as in wild type inflorescences
[25, 26]. Anomalies in the development occur only
with spikelet meristems and lead to the formation of
inflorescences with a changed morphology (different
supernumerary spikelet phenotypes) [27–29].

The detected regularities in the formation of addi-
tional spikelets made it possible to divide supernumer-
ary spikelet wheat forms into groups with similar
changes in morphogenesis. The first group of super-
numerary spikelet forms includes morphotypes with a
multirow spike (MRS), genuine branching (GB), hor-
izontal additional spikelets (HS/FRS), and triple
spikelets of T. aestivum, T. durum, T. turgidum, and
T. monococcum wheat species; the second is repre-
sented by a morphotype “false–true ramification (f-tR)
of spike” of T. turgidum; and the third group includes
the forms with vertical sessile spikelets (VSS) of T. aes-
tivum (Fig. 1).

The peculiarities of the development of inflores-
cence in the members of the first group consist in
changes in spikelet development associated with dis-
ruption of the identity of spikelet meristems in the
transition to establishing the identity of f loret meri-
stems of either the basal part or all of the spikelet that
are accompanied by a change in phyllotaxis [27, 28].
 2020
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Despite the morphological heterogeneity of this
group, which includes different morphotypes, differ-
ences in the development of inflorescences between
the members of morphotypes are quantitative and are
associated with different number of f loret meristems
replaced with ectopic spike meristems and/or with dif-
ferent degree of elongation of the spikelet rachilla.
This leads to the formation of a different number of
additional spikelets or to the development of branch-
like structure at a rachis node. Both the clusters of ses-
sile supernumerary spikelets and “branches” with
supernumerary spikelets at a rachis node of this group
are modified spikelets. These changes in the develop-
ment of inflorescence [27, 28] are similar to previously
found peculiarities of the development of rice Oryza
sativa L. fzp [30], maize Zea mays L. bd1 [31], and
Brachypodium distachyon (L.) P. Beauv. mos1 [32]
mutants. Despite different types of inflorescences in
rice, maize, B. distachyon, and wheat mutants (pani-
cle, ear, spike), general patterns in the development of
their inflorescences are traced associated with disrup-
tion of establishing the identity of f loret meristems,
where ectopic spikelets are developed, as a result of
which extremely branched panicles [30, 31] or ectopic
“branches” in the spike or ear [28–32] are formed.
Thus, a parallel hereditary variation of the trait “spike
branching” registered by Vavilov in different species of
the members of Poaceae family [1] can be a conse-
quence of similar violations of the program of develop-
ment of inflorescences of these species [27, 28, 30–33].

Changes associated with the disruption of estab-
lishing the identity of the f loret meristem of the distal
part of the spike, accompanied by a change in phyllo-
taxis and a change in determinacy of the spikelet mer-
istem, are observed in the development of the second
group spike (“false–true ramification of spike” mor-
photype). Violations in the program of development of
the inflorescence of this group come later than in the
first group lines and fzp/bd1/mos1 cereal mutants, and
the first two florets in the basal part of the spikelet are
developed according to a standard scheme. The devel-
opment of subsequent f lorets is violated and occurs in
a similar way to the previous group: ectopic spikelets
are developed in place of f lorets; their development is
accompanied by a change in phyllotaxis [29]. The
peculiarities of the development of this morphotype
include the formation of an ectopic terminal spikelet,
which is not typical of the members of the above-
described first group. The mutants of other cereal spe-
cies with similar changes in development were not
described in the literature.

Unlike the first two groups, the development of
additional spikelets in the VSS morphotype occurs
outside the primary spikelet. The additional spikelet is
developed later than the primary one and is located
lower at a rachis node o, and its formation is not
accompanied by a change in phyllotaxis and thus is not
associated with a change in identity/determinacy of
the spikelet meristem [34].
RUSSIA
Thus, supernumerary spikelet wheat forms repre-
senting different morphotypes can be united into
groups on the basis of the similarity of disruption of
morphogenesis. The study of genetic control of the
trait “supernumerary spikelet/spike branching” in the
members of these groups demonstrated that similar
changes in genetic programs of inflorescence develop-
ment underlie the formation of their phenotypes [28,
33, 34].

GENETIC REGULATION
OF “SUPERNUMERARY SPIKELET/SPIKE 

BRANCHING” TRAIT IN WHEAT

The genetics of wheat spike branching/supernu-
merary spikelet began to be studied more than
100 years ago. In 1910, E. von Tschermak reported
that the trait of T. turgidum spike branching is geneti-
cally determined and is under a monogenic recessive
control. The gene was designated as bh from Latin
brachitus [7]. The recessive nature of the trait inheri-
tance in tetraploid and hexaploid wheat was later con-
firmed by the results of many studies [18–21, 35].

It was found that environmental factors, including
temperature and photoperiod, affect the stability of
expression of the spike branching trait. At the same
time, a stable expression of the trait was found in indi-
vidual lines, which indicates the effect of the geno-
typic environment [18].

B.C. Sharman [13] reported a monogenic type of
inheritance of the spike branching in tetraploid wheat.
According to the results of D.L. Klindworth et al. [19],
the phenotype of branched line of tetraploid wheat
T. turgidum is determined by one major gene, the
expression of which is affected by genes with minor
effects. Using a series of disomic substituted lines, the
main bh gene was localized on chromosome 2A [36];
then its localization in the short arm 2AS was clarified
using the 2A-telocentric line [37].

The study of the forms of hexaploid bread wheat
with branched spike or many sessile spikelets at a
rachis node began later. First of all, this was associated
with the fact that most of such forms arose as a result
of mutagenesis [13, 14], being a consequence of wide
hybridization [9] or aneuploidy [22], while branched
forms of the T. turgidum wheat are widespread and
have been known for about two thousand years [2, 3].

According to the results of studies [15, 16] per-
formed on the offspring of a spontaneous branched
mutant (T. aestivum ramifera), hexaploid wheat variet-
ies carry two complementary interacting genes Rm
(ramifera) and Ts (tetrastichon), as well as a dominant
inhibitor, Nr (Normalizator).

A.L. Pennell and G.M. Halloran [18] reported the
presence of two recessive genes determining supernu-
merary spikelet in bread wheat and, in addition to
them, the presence of branching suppressor. It was
demonstrated that commercial wheat cultivars with
N JOURNAL OF GENETICS  Vol. 56  No. 11  2020
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a standard spike carry the spike branching genes that
are not manifested because of the presence of a sup-
pressor gene [18]. D.L. Klindworth et al. [36] con-
firmed the presence of a spike branching suppressor
gene in the bread wheat genome and localized it in
chromosome 2D.

Using a monosomic analysis, Z.S. Peng et al. [35]
found that chromosomes 2D, 4A, 5A, and 4B are
involved in the genetic control of a turgidum spike
type in the bread wheat line “Yupi Branching,” thus
demonstrating a polygenic nature of the trait inheri-
tance. The effect of genetic factor(s) of the chromo-
some 2D on the formation of supernumerary spikelets
in induced bread wheat mutant MC1611 was also
found by L.I. Laikova et al. [38] using a monosomic
analysis.

D.F. Sun [39] demonstrated that the SS phenotype
of line 51885 obtained as a result of crossing of octo-
ploid triticale and bread wheat is under the control of
two dominant genes and several genes with minor
effects.

In the mid-1950s, E.R. Sears described the emer-
gence of spikes with “spikelet reduplication” in nulli-
somic plants by chromosomes of 2A and 2D of bread
wheat [22]. Later, M. Muramatsu [40] demonstrated
that the effect of nullisomy can be completely com-
pensated by an increase in the number of homeolo-
gous chromosomes, and the spikes of nuli-tetrasomic
Tetra-2A Nulli-2D line (2n = 42, 19" + 1"") have
a wild phenotype, and one spikelet develops at a rachis
node. Chromosomal rearrangements (including dele-
tions) and the absence of a whole chromosome were
also found in other bread wheat lines with sessile addi-
tional spikelets and branching of the spike rachis [14,
41]. By means of the methods of cytogenetics and
genotyping using DNA markers, it was found that the
chromosome 2D substitutions and deletions in the
short arm of the bread wheat chromosome 2D can
affect the spike morphology, causing the development
of additional sessile spikelets and ectopic “branches”
on the spike rachis branches. The results of molecular
genetic mapping demonstrated that the presence of
deletions of the chromosome 2DS can determine up to
~50% of the variability of the studied trait (the pres-
ence of additional spikelets on the ledges) [28, 42].

Despite some inconsistency of data relative to the
number and nature of inheritance of the genes deter-
mining the wheat SS phenotype (which can be
explained in part by a genetic heterogeneity of the
studied lines of different origin), the results of studies
demonstrated the involvement of genetic factors of the
chromosome of wheat homeologous group 2 in the
control of SS phenotype [22, 35, 36, 38, 42, 43]. Later,
these results were confirmed using the methods of
molecular genetic mapping. Thus, the genetic locus
determining the phenotype of the Tibetan three-spike
form of bread wheat was mapped in chromosome 2AS

[17]; the genes bh and bhm determining the spike
RUSSIAN JOURNAL OF GENETICS  Vol. 56  No. 11 
branching of tetraploid and diploid wheats were

mapped in chromosomes 2AS and 2AmS, respectively
[8, 43].

Studying the genetic control of supernumerary
spikelet in the bread wheat lines of different origin with
similar changes in morphogenesis, the Multirow spike 1
(Mrs1) gene and qSS-2D and qSS-2A quantitative trait
loci co-localized on 2DS or located in the regions of
conserved synteny of homeologous chromosomes
2DS and 2AS were identified [27, 28, 44]. Thus, it was
demonstrated that the formation of the branched spike
(GB morphotype) and the spike with additional sessile
spikelets (MRS, HS morphotypes) is caused by similar
violations in the development and is under the same
genetic control. Along with the main contribution of
the genetic locus of the chromosome 2D, the influ-
ence of QTL with less effects was demonstrated [45].
This confirmed the result of previous works on the
presence of minor genes affecting the trait “spike
branching” and the results demonstrating the effect of
genotypic environment in manifestations of the
mutant gene of the chromosome 2D [27]. On the basis
of hybrids from crossing branched T. turgidum acces-
sion and lines with a standard spike, R.Q. Zhang et al.
[46] managed to obtain near isogenic lines with
branched phenotype and four-row spike with sessile
spikelets and to confirm the involvement of the com-
mon genetic factor in the genetic control of these dif-
ferent morphotypes.

Along with the main genes and quantitative trait
loci of wheat spike branching/supernumerary spikelet,
the presence of the genes determining supernumerary
spikelet phenotypes was demonstrated in S. cereale L.
cultivated rye (monstrosum 1, mo1) and barley
(branched 1, brc1 syn. compositum 2, com2) [33, 48,
49]; these genes are located in the regions of conserved
synteny of the chromosomes of the homeologous
group 2, which assumed the presence of orthologous
series of genes in the genomes of the members of Trit-
iceae tribe.

Studying the genetic control of the “false–true
ramification of spike” morphotype in the lines of
T. turgidum tetraploid wheat, Y. Amagai et al. [23]
established that the trait is under a monogenic reces-
sive control. The gene determining the mutant pheno-
type was designated as sham ramification 2 (shr2),
since at this stage of the study the authors found no
differences between the phenotypes of the studied
lines and lines with true (vavilovii) type of branching
of the spike with the sham ramification (SHR) mor-
photype. Later, detailed analysis of the line spike phe-
notype made it possible to distinguish a separate mor-
photype “false–true ramification” [24]; however, the
gene itself is still called shr2. The shr2 gene was local-
ized in the long arm of chromosome 2A [23]. This
morphotype was studied to a lesser extent, and no
reports on the presence of a series of orthologous
genes were found to date.
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STRUCTURAL AND FUNCTIONAL 
ORGANIZATION OF GENES

CONTROLLING SUPERNUMERARY 
SPIKELET/SPIKE BRANCHING

The determination of nucleotide sequences of the
genes whose mutations cause the formation of non-
standard supernumerary spikelet spike phenotypes
became an important stage in the study of supernu-
merary spikelet/spike branching forms of wheat and
genetically related species.

Using a positional cloning, the sequence of the
Mrs1 gene controlling the formation of supernumerary
spikelets in the bread wheat of “multirow spike” (or
MRS) morphotype was determined. It turned out to
be the ortholog of the FRIZZY PANICLE rice gene
(wheat fzp, wfzp) encoding the transcription factor
with the functional APETALA 2/ERF domain [28, 44].
According to the results of resequencing of supernu-
merary spikelet wheat lines united in a single group
taking into account the peculiarities of the develop-
ment of inflorescences, it was demonstrated that their
phenotypes are caused by mutations in the functional
domain AP2 of the WFZP-A and WFZP-D homeolog
genes. For all bread wheat wfzp mutants, similar
changes in the development of inflorescence are typi-
cal (the formation of ectopic spikelet meristems at the
place of f loret meristems in the basal part of the spike-
let or in the whole spikelet). On the basis of the analy-
sis of the mutant phenotype, conclusions were made
about the functional role of the WFZP gene in the
development of the bread wheat spike (the genetic
control of transition to establishing the identity of
inflorescence f loret meristems). The gene mutations
cause violations in establishing the identity of f lower-
ing meristems and development of ectopic secondary
axial meristems (ectopic spikelet meristems) instead of
floret meristems.

Similar results were obtained regarding the role of
WFZP-A gene in the development of inflorescences of
tetraploid (T. turgidum and T. durum) and diploid
(T. monococcum) wheat species [29, 33]. N. Poursare-
bani et al. [33] isolated the bh1/WFZP-A gene in the
genome of T. turgidum tetraploid wheat and demon-
strated that the same TtBH-A1 mutation led to the for-
mation of the spike of turgidum type of branching in
30 branched T. turgidum accessions of different origin;
this suggests a monophyletic origin of this allele. The
area and ecological characteristics of the accessions
with a normal phenotype of T. turgidum convar. tur-
gidum spike and branched T. turgidum convar. compos-
itum samples generally coincide; the only exception is
the Tibetan ecotype, among the samples of which no
branched plants were found [2]. Consequently, the
TtBH-A1 mutation originated at early stages of the
evolutionary history of the T. turgidum species. The
mutation could have been transmitted to other species
(for example, T. durum) with spontaneous hybridiza-
tion [29].
RUSSIA
R.Q. Zhang et al. [46] demonstrated that, along
with the wfzp-A/TtBH-A1 gene, there are other genetic
factors involved in the control of the turgidum type of
spike branching. These factors determine the develop-
ment of a spikelet with an extended spikelet rachilla
(ramified spike, RS) and the formation of the
branched spike of a typical turgidum type.

In general, it was demonstrated that the structural
organization of genetic loci and functions of cereal
FZP ortholog genes are highly conserved. Thus, the
formation of ectopic axial meristems and replacement
of f lorets with ectopic branches were observed in rice
fzp mutants; this led to repeated cycles of inflorescence
branching, on the basis of which it was concluded that
the function of the FZP gene consists in the suppres-
sion of the development of the axial meristems and in
the control of the transition to establishing the identity
of f loret meristems of the rice inflorescence [30]. The
results of the studies of N.N. Rao et al. [50] confirmed
the fact that FZP suppresses the formation of axial
meristems of the inflorescence. The maize BD1 gene is
an ortholog of the fzp rice gene, bd1 and fzp mutants
have a similar inflorescence phenotype, and the func-
tions of the BD1 and FZP genes are conserved [31].

P. Derbyshire and M.E. Byrne [32] obtained the
induced more spikelets1 (mos1) mutant of the B. dis-
tachyon species with violations in development and
phenotypic peculiarities of the inflorescence mor-
phology similar to bd1 and fzp mutants. When deter-
mining the structural organization of the gene homol-
ogous to FZP, insertion in the promoter region associ-
ated with a small (20%) but statistically significant
decrease in the expression was found in the mos1
mutant. A screening of TILLING population of the
B. distachyon species detected two new alleles with
mutations in the functional domain AP2/ERF of the
ortholog FZP gene associated with the mutant pheno-
type (formation of additional spikelets in the inflores-
cence) [28].

The ortholog of the FZP gene (COMPOSITUM 2
(COM2)) was isolated in the barley genome [33]. The
com2 mutations cause the formation of a phenotype
similar to branched wheat forms. The functional role
of the gene in the development of inflorescence does
not differ from FZP orthologs of other cereals. It is
interesting that the Com1 gene, recessive mutations in
which induce similar defects in the development of
inflorescence, is present in barley. The nucleotide
sequence of the gene is unknown [51].

At present, wfzp mutants are the most studied
among supernumerary spikelet wheat forms, while the
morphotype “false–true ramification of spike” under
the control of the sham ramification 2 (shr2) gene is
studied to a lesser extent [23, 24, 29]. The position of
shr2 in the long arm of chromosome 2A was deter-
mined [23]; the structural organization of the gene is
unknown at the present time. The functions of the
Shr2 gene in the spike development, established on the
N JOURNAL OF GENETICS  Vol. 56  No. 11  2020
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basis of the analysis of the peculiarities of the develop-
ment of the mutant phenotype, consist in the genetic
control of establishing the identity of f loret meristems
and determinacy of the spikelet meristem [29].

The results of classical genetic analysis demon-
strated that, despite some similarities in the develop-
ment of mutant phenotypes wfzp and shr2, the genes
that determine them are inherited independently [29].
Thus, establishing the identity of f loral meristems of
basal and distal parts of multi-f loret wheat spikelet
occurs under the control of the WFZP and Shr2 genes
acting independently at different stages of spikelet
development and belonging to different genetic path-
ways of regulation of the inflorescence development.
At the same time, it was demonstrated that SHR2
interacts with the ramified spike (RS) gene (genes) pre-
sumably determining the formation of an elongated
spikelet rachilla in branched forms of the T. turgidum
species [29]. It should be noted that the conserved
WFZP gene functions in the basal part of the spikelet
in both multi-f loret and single-floret spikelets of the
members of the Poaceae family, while the SHR2 gene
acts in the distal part of the multi-f loret spikelet. There
is no mention in the literature about the mutants with
phenotypes similar to shr2 in rice or in other cereals. It
is possible that this gene belongs to a specific pathway
of regulating the development of multi-f loret wheat
spikelet.

The formation of paired vertical spikelets at the
nodesl of wheat spike occurs owing to some changing
in the identity of spikelet meristems. Molecular
genetic analysis detected 18 quantitative trait loci
responsible for the formation of this trait; the gene
controlling the response to photoperiod (PHOTOPE-
RIOD-1, Ppd-1) makes the most significant contribu-
tion [34]. It was found that Ppd-1 affects the spikelet
development, changing the expression of the FLOW-
ERING LOCUS T1 (FT1) gene, an integrator of
genetic pathways that regulate f lowering. The forma-
tion of paired spikelets is also affected by some alleles
of the TEOSINTE BRANCHED1 (TB1) gene [52]. It
is assumed that TB1 coordinates the formation of axial
meristems during the transition from the vegetative to
generative stage of development.

Thus, at present, the structural and functional
organization of the WFZP and Ppd-1 genes, mutations
in which cause changes in spike morphogenesis and
the formation of additional spikelets in two different
groups of supernumerary spikelet wheat, was studied
in detail. The shr2 gene determining the “false–true
ramification of spike” wheat morphotype was less
studied; the localization of this gene in chromosome
2A and functions based on the analysis of a mutant
phenotype are known. The RS genes that cause the
elongation of the spikelet rachilla of the T. turgidum
and T. aestivum “true spike branching” morphotype
remain the least studied; to date, their localization in
RUSSIAN JOURNAL OF GENETICS  Vol. 56  No. 11 
the genome and structural organization has not been
clarified to date.

CONCLUSIONS

Changes in homologous genes with a common ori-
gin (ortholog genes) underlie homologous hereditary
variation of supernumerary spikelet/branched wheat
forms. The formation of a similar mutant phenotype
(the emergence of additional sessile spikelets and
branches in wheat wfzp, barley com2, rye mo1, rice fzp,
maize bd1, and B. distachyon moc1 mutants as a result
of mutations in FZP ortholog genes) is the best exam-
ple. The presence of series of mutants made it possible
to characterize in detail the structural and functional
organization of FZP ortholog genes and to determine
the role of functional domain. A high level of conserva-
tion in all studied members of cereals is typical of FZP.

The studies of the peculiarities of the development
of supernumerary spikelet wheat lines and identifica-
tion of common features and patterns of development
made it possible to divide them into three main
groups, each of which unites the mutants for a partic-
ular major gene (wfzp, shr2, Ppd-1). Thus, the collec-
tions of supernumerary spikelet lines are at present
genetic models for studying the processes of develop-
ment of inflorescence. In general, wheat forms with
violations of morphogenesis leading to changes in the
spike morphology (architecture) have a large potential
in the study of the genetic bases of development of
inflorescence and formation of economically valuable
traits.
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