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PresentlyMertensia echioides Benth. (Boraginaceae) collected from Kashmir Himalaya, India, is cytologically analyzed for the first
time revealing 2𝑛 = 2x = 24 (diploid). Interestingly we found 4.3–6.2% syncytic meiocytes/PMCs with 2𝑛 = 4x = 48 (tetraploid)
in addition to normal meiocytes (2𝑛 = 24) during male meiosis.These comparatively larger PMCs (pollen mother cells) lead to the
formation of fertile giant 2𝑛 pollen grains. A frequency of 6.4–13.3% PMCs shows transfer of chromatin material at prophase-I and,
therefore, results in aneuploidmeiocytes.Whole chromatin transfer by the process of cytomixis could also have led to the formation
of tetraploid cells. Translocation heterozygosity is also evident in the form of multivalents in 12–17% diploid (2x) meiocytes at
diakinesis and metaphase-I and is reported for the first time in this species. The syncytes formed depict open chain hexavalent
and quadrivalent formation in the three populations with different frequencies. Moreover chromatin stickiness at metaphase-I is
observed in 45% of PMCs in population-1 (P-1). Syncyte or unreduced PMC formation leading to unreduced fertile gametes is here
speculated to act as a possible way out for infraspecific polyploidization in the species.

1. Introduction

GenusMertensia Benth. belongs to family Boraginaceae with
about 50 species distributed to North temperate region,
from South to Mexico and Afghanistan, growing at altitudes
between 1660 and 5330m in Himalaya [1]. Compilation of
the literature from various sources confirms that 19 species
(<50%) in the genus are cytologically worked out [2–6].
Mertensia echioides Benth. commonly called “Chinese Blue-
bell” is a beautiful, hairy perennial herb about 30 cm tall
bearing attractive blue flowers. It grows inWestern Himalaya
including Kashmir, at an altitude above 3000m [7] and is in
full bloom during the month of July. Review of the literature
confirms the genus as monobasic on 𝑥 = 12, with more than

35% of the chromosomally known species showing intraspe-
cific polyploidy. Present cytological study carried out for the
first time in the species reveals various meiotic irregulari-
ties. The syncyte formation, cytomixis, multivalents, and 2𝑛
pollen grains provide an insight into the possible mechanism
of overall intraspecific or intrageneric polyploidization in
plants. As there is scarce cytogenetic information available in
family Boraginaceae, there is a need to explore the cytogenetic
diversity in the family particularly in species inhabiting high
altitude, unexplored and inaccessible sites of the Himalaya
which is a hub of many endemic, rare, threatened, and
endangered medicinally important plants [8]. Similar efforts
covering the chromosome number and meiotic course of
various angiospermic plants of this area have recently been
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Table 1: Percentage of variously irregular PMCs, pollen sterility, pollen size, and their relative frequency in 3 populations of Mertensia
echioides.

Population P-1 P-2 P-3

Locality/altitude (m) Razdan Pass
3600

Gurez
3200

Thajwas
3400

PUN∗ 56387 56936 56997
Meiotic abnormalities

Syncytes/4x PMCs 06.2 (07/113) 04.3 (4/92) 5.2 (05/95)
PMCs with cytomixis 13.3 (16/120) 6.4 (7/108) 9.8 (11/112)
PMCs with quadrivalent 17.0 (17/100) —/— 12.2 (12/98)
Syncytes with multivalents 57.1 (4/7) 25 (1/4) 60 (3/5)
PMCs with aneuploidy 05 (06/121) 2.08 (2/96) 3.8 (4/105)
PMCs with sticky chromatin 45 (46/102) —/— —/—
Apparent pollen sterility 19 (58/305) 16 (47/287) 18 (53/292)
Average pollen size (R.F.)
𝑛 11.87 × 8.32 {91.5} 11.20 × 9.05 {96} 12.14 × 8.36 {92.3}
2𝑛 20.61 × 12.82 {08.5} 17.60 × 12.55 {4} 18.90 × 12.78 {7.7}

R.F.: relative frequency.
Figures in the parentheses represent observed number of cytologically irregular PMCs or sterile pollen grains in the numerator and total number of PMCs or
pollen grains in the denominator.
∗PUN is the abbreviation for herbarium of Department of Botany, Punjabi University, Patiala, as per “Index Herbariorum” by P. K. Holmgren and N. H.
Holmgren [13].

made with interesting clues and information regarding chro-
mosomal evolution [9–12].

2. Materials and Methods

The study area Kashmir Himalaya was visited in late summer.
Specimens from three different sites, namely, Razdan Pass,
Gurez, and Thajwas, were collected and are here mentioned
as populations P-1, P-2, and P-3, respectively (Table 1). For
cytological examination appropriate sized flower buds were
taken and fixed in Carnoy’s fixative (absolute ethyl alco-
hol : chloroform : acetic acid) in the ratio of 6 : 3 : 1 (v/v) for
24 hours after which they were transferred to rectified alcohol
(70%) and refrigerated until use. Anthers were crushed using
standard acetocarmine technique (2% acetocarmine) and
squash slides prepared for cytological analysis. A total of 538
PMCs at different stages were analyzed. The photomicro-
graphs of the PMCs and pollen grainswere taken usingNikon
80i Digital Imaging System. For the determination of pollen
fertility, pollen slides were prepared in glyceroacetocarmine
(1 : 1) and kept as such for 2 hours before observation. Estima-
tion of pollen fertility was done by considering well stained
pollen grains as fertile and unstained and shrunken pollen
grains as sterile. Pollen size was calculated by micrometry.
The specimens were submitted in the herbarium of the
Department of Botany, Punjabi University, Patiala.

The data obtained were submitted to Pearson’s coefficient
of correlation in order to check the relation between number
of 4x PMCs and that of giant 2𝑛 pollen formation by using the
following formula:

𝑟 =
∑𝑋𝑌 − ∑𝑋∑𝑌/𝑁
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where “𝑟” is the coefficient of correlation, 𝑋 and 𝑌 denote
tetraploid PMCs and unreduced pollen grains, respectively,
and𝑁 is number of observations.

3. Results

Cytological investigation in Mertensia echioides Benth. is
carried out for the first time on population basis collected
from 3 high altitude sites of Kashmir Himalaya. Details of
the meiotic analysis are provided in Table 1. Although our
present meiotic analysis for a large number of PMCs revealed
2𝑛 = 2x = 24 in majority of the cells (Figure 1(a)), a
significant frequency of PMCs depicted double the chro-
mosome number (2𝑛 = 4x = 48) compared to that
present in normal PMCs (Figures 1(e) and 1(f)). The max-
imum frequency of such cells has been presently observed
in Razdan Pass population (P-1) with 6.19%, followed by
Thajwas population (P-3) with 5.2%, and it was the least in
Gurez population (P-2) with 4.3%. Some low frequency of
large sized PMCs (1.24%) in P-1 at early prophase was also
seen with apparently double the chromatin mass and with
two nucleoli (Figure 1(g)) which indicates that the 4x PMCs
formationmust have resulted from cell fusion or cytomixis in
premeiotic mitosis. However, initiation of the protoplasmic
fusion in some PMCs seems to have taken place at later
stages like diakinesis (Figures 1(c) and 1(d)) and metaphase-I
(Figure 1(b)). Interestingly in all the populations, the pollen
smears revealed significantly variable sized pollen grains
(Table 1 and Figure 1(h)). The apparently fertile larger pollen
grains that were with almost double the size of the normal
pollen grains are thought to be diploids and arisen from
syncytes/(4x) PMCs through further meiotic course. Pearson
coefficient of correlation determination showed significant
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Figure 1: Unusual meiotic behavior in Mertensia echioides. (a) Normal PMC with 12 bivalents (2𝑛 = 24); (b–d) PMCs showing fusion; (b)
initial stage of fusion and protoplast transfer at metaphase-I; (c) multiple fusions (arrows) at diakinesis; (d) a later stage of fusion at diakinesis;
(e) syncyte with 24 bivalents (2𝑛 = 48) at metaphase-I; (f) syncyte at metaphase-I with 1 hexavalent (large arrow) and 2 quadrivalents (small
arrow); (g) apparent tetraploid PMC at early prophase-I; (h) normal 𝑛 pollen grains and a 2𝑛 pollen grain (arrow) [Bar = 10 𝜇m].

positive correlation between unreduced pollen grains and
the occurrence of syncytes (𝑟 = 0.72). A positive signifi-
cant correlation between meiocytes showing cytomixis and
chromosome stickiness also existed, although in P-2 and P-3
PMCs with sticky chromatin were not observed. The extent
of chromatin transfer varied as we occasionally found some
aneuploid hypoploid cells with 2𝑛 = 20–22 (Figure 2(a)).
The aneuploid hyperploids cells observed were almost of the
same frequency but the exact chromosome number could
not be counted in such cells. In population P-1, number of
PMCs involved in cytomixis was the highest among the three
populations studied (Figure 2(b)). Besides, 3–5% PMCs at
metaphase-I depicted an unoriented bivalent in populationP-
1 (Figure 2(c)).This is not a usual case of unoriented bivalents

and might have most probably been created by cytomixis.
The various syncytes we observed show one open chain
hexavalent and twoquadrivalents atmetaphase-I (Figure 1(f))
with different frequencies in three populations (Table 1). On
the other hand, diploid (2x) PMCs in P-1 and P-3 depict one
open chain quadrivalent at diakinesis (Figure 2(d)) with the
highest frequency in P-1 (17%).The chromosome irregularity
in the form of stickiness is also observed in normal typical
(2x) PMCs in P-1 resulting in clumping of chromosomes
(Figure 2(e)).The syncyte formation has so far been observed
in a number of angiosperms, but in the presently investigated
species the syncytes, multivalents, and cytomixis are reported
for the first time. The pollen grains show some 16–19%
sterility which is almost equally contributed by both smaller
(𝑛) and larger (2𝑛) pollen grains.
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Figure 2: Cytomixis and associated chromosomal abnormalities inMertensia echioides. (a-b) PMCs showing cytomixis; (a) PMC emptying
due to chromatin transfer (small arrow) and a hypoploid PMC (large arrow); (b) cytomixis in population P-1 at diakinesis; (c) PMC with
one unoriented bivalent (arrow); (d) PMC with a quadrivalent at diakinesis (arrow); (e) clump formation due to chromatin stickiness [Bar =
10 𝜇m].

4. Discussion

About 40–70% of angiosperms are considered to be poly-
ploids [14]. GenusMertensia is a monobasic genus and exists
on base number 𝑥 = 12 [12, 15]. An overall picture of the
literature reveals that as many as 19 species (2 from India)
of genus are chromosomally known with 7 species showing
higher ploidy level than diploidy. For the origin of a polyploid
series in a taxon, one of the possible reasons is the syncyte
formation during meiosis [16, 17]. Syncytic meiocytes have
already been reported in various angiosperms [18–22]. The
species under our investigation produces a good frequency
of syncytes, that is, 4x cells during male meiosis. Syncyte
formation has been explained to occur through mechanisms
like disorders in cytokinesis during the premeiotic mitoses
[23], abnormal spindle [18], failure of first or second meiotic
division [24, 25], or direct cell fusion [19, 20, 23]. As defined
by Levan [18], syncyte formation involves the fusion of two
or more pollen mother cells (PMCs, or nuclei), usually in
early prophase of the first meiotic division, therefore giving
rise to 2𝑛 gametes after meiosis [26]. However, the PMCs of
the present species depict initiation of cytoplasmic sharing
at diakinesis and metaphase-I also. Though most abnormal-
ities of this kind are usually met in genetically unbalanced
species like haploids, triploids, and hybrids, however, they
can also arise in plants disturbed by external environmental
conditions. In our case the irregular shape of tetraploid PMCs
convinced us to affirm that direct cell fusion is the most
conducive to tetraploid syncyte formation during meiosis.
Migration of chromatin material or chromosomes among
adjacent meiocytes occurs through cytoplasmic channels as
well as through cell wall dissolution [27] and can lead to

the production of hyperploid and hypoploid cells. It can also
lead to the formation of tetraploid cells [28] and therefore
unreduced gametes when there is whole chromatin transfer
from one cell to another. This phenomenon has been studied
in a large number of plants but the concepts regarding its
origin and plausible role in evolution are not so clear. Dif-
ferent experts held different factors responsible for cytomixis
such as the physiological factor [29], temperature [30], stress
factors coupled with genetic control [31], and direct genetic
control [32, 33]. Whatever the factors responsible are, the
plausible explanation for cytomixis is the incomplete wall
formation during premeiotic mitosis and/or retaining of the
wide plasmodesmata between the pollen mother cells.

As far as the viability of the plants is concerned the
cytomixis and syncyte formation are interrelated in the sense
that both occur with conspicuousness in the weakest indi-
viduals of a species and have been usually found occurring
together [18]. According to some researchers [17, 31, 34],
cytomixis plays a major role in chromosomal diversity and
speciation of taxa because it also leads to unreduced pollen
grain formation in a similar way followed by syncytes.
From our previous cytological studies in a large number
of Himalayan angiosperms it comes to our knowledge that
if cytomixis along with other meiotic abnormalities is not
caused by harsh cold climate, the frequency of such anoma-
lous PMCs is apparently increased by such environmental
conditions [35]. Recently, Singhal et al. [22] have attributed
the meiocyte fusion and hence syncyte formation in Linde-
lofia longiflora to cold and harsh climatic conditions.

The species under investigation was collected from high
altitude sites of Kashmir Himalaya, that remain covered by
snow for more than six months in a year accompanied by
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blizzard winds. It is presumed that harsh, below freezing tem-
perature might be intensifying if not solely inducing the cell
fusion/cytomixis keeping in view that some earlier reports
have overruled the possibility of cold climatic conditions to
cause cytomixis [32]. According to some previous studies,
environmental and genetic factors are responsible for cell
fusion [36]; one of the examples is maize, in which mutation
in pam genes induces the syncyte formation [19]. Whatever
the factor/s inducing the syncyte formation is/are, the end
products are some giant pollen grains in almost every case
which is true for the present study also.The presence of giant
pollen grains is an indication of the 2𝑛 pollen [25]. Some
previous studies noticed a direct proportionality between
cytomixis and other chromosomal/meiotic irregularities like
stickiness, laggards, chromatin bridges, and syncytes [28, 37,
38]. In our study, the value determined for coefficient of
correlation between cytomixis and stickiness is positive and
in conformity with most of the previous findings [37, 38].

Chromatin stickiness has previously been reported in
several cases in plants [11, 39–41]. It was Beadle [42] who
reported chromosome stickiness in maize for the first time
and attributed such irregularity to a recessive mutant gene
called sticky (st). Some studies suggested stickiness may
be under genetic control [43] or caused by environmental
conditions like X-rays, temperature, and soil factors [44] or
by genetic environmental interaction [39]. The reasonable
explanation for occurrence of sticky chromatin is gene
mutation that disrupts the conformation of surface proteins
like histones that under normal conditions are required
for keeping the chromosomes apart, thereby preventing
adhesion [45]. Most of the previous studies held cytomixis
and stickiness responsible for causing pollen sterility [46–49].
However, the high pollen fertility (81%) indicates that here
syncyte formation along with cytomixis and stickiness is not
significant in terms of the species fertility.

Translocation/structural heterozygosity creates unbal-
anced or sterile gametes when there is adjacent disjunction.
Therefore, it can be stated that the species prefers alternate
disjunction after translocation process and prevents most
crop of its pollen grains from lethality. Multivalents formed
in syncytes indicate the homology among the chromo-
somes; however, hexavalent formation in these tetraploid
PMCs/syncytes can also be a consequence of structural
heterozygosity. Overall, the difference in the frequencies of
meiotically anomalous PMCs among the three populations
reflects the intraspecific genetic diversity in the species,
besides pointing to genetic environmental interactions.

Our project aimed to undertake cytomorphological
investigations in North-West Himalayan flowering plants has
documented a few species among ∼300 with syncyte/4x PMC
formation. Recent genomic investigations indicate that most
if not all angiosperm species have undergone at least one
genome wide multiplication event in their evolutionary his-
tory [50–52]. All polyploids are thought to have arisen from
unreduced gametes [53]. Syncyte/4x cells have been reported
in angiospermic families like Asteraceae [54, 55], Fabaceae
[26], Poaceae [18], and Solanaceae [56]. Elsewhere Boragi-
naceae falls in the list of top five families in dicotyledons with
the highest frequency of intrageneric polyploidy [57]. Syncyte

formation in the presently investigated species might act as
a hint for probable presence of polyploid populations/races
and thus demands comprehensive cytological studies in the
genus or family in general and species in particular on more
population basis in order to explore the potential intraspecific
cytogenetic variability and to understand comprehensively
the causes and consequences ofmeiotic/chromosomal abnor-
malities.
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