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ABSTRACT. Habitat fragmentation, caused by the expansion of 
agriculture in natural areas, may be one of the strongest impacts 
humans have on the ecosystem. These changes can decrease the number 
of individuals in a population, leading to endogamy. In allogamous 
species, endogamy can have a negative effect on reproductive capacity. 
In this study, we analyzed the effects of forest fragmentation on 
microsporogenesis and pollen viability in Eugenia uniflora L., a tree 
species native to the Atlantic Forest. We analyzed 4 populations, 3 of 
which were connected by forest corridors and 1 of which was isolated 
by agricultural fields on all sides. For microsporogenesis analysis, 
9000 meiocytes representing all stages of meiosis were evaluated. To 
perform the pollen viability test, we evaluated 152,000 pollen grains. 
Microsporogenesis was stable in plants from populations that were 
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connected by forest corridors (abnormalities, less than 6%), while 
microsporogenesis in plants from the isolated population showed a 
higher level of abnormalities (13-29%). Average pollen viability was 
found to be more than 93% in the non-isolated populations and 82.62% 
in the isolated population. The χ2 test showed that, in the isolated 
population, the meiotic index was significantly lower than that in the 
non-isolated populations (P = 0.03). The analysis of variance for the 
percentage of viable pollen grains confirmed the significant difference 
between the isolated and non-isolated populations. Our data show 
that forest fragmentation has a direct effect on microsporogenesis and 
pollen viability in E. uniflora and can directly influence the reproductive 
capacity of isolated populations of this species.

Key words: Isolated population; Genetic erosion; Endogamy; Meiosis; 
Myrtaceae

INTRODUCTION

A forest fragment is an area of natural vegetation interrupted by natural or anthro-
pogenic barriers that can significantly reduce the flow of animals, pollen, or seeds. The ad-
vance of agriculture has been largely responsible for habitat fragmentation. Many authors 
have cited forest fragmentation as perhaps the most significant negative impact humans have 
on the environment because it reduces forest area, destroys habitat, and isolates populations 
(Green, 1994; Turner, 1996; Laurance et al., 2002; Armbrecht and Perfecto, 2003). The isola-
tion caused by fragmentation has ecological and genetic implications, such as loss of habitat 
heterogeneity and loss of genetic variability (Bierregaard Jr. et al., 1992; Santos and Kinoshita, 
2003; Rodríguez-Cabala et al., 2007; Bittencourt and Sebbenn, 2009). Fragmentation can af-
fect the ability of populations to adapt to environmental changes and could compromise the 
future of the species (Barret et al., 1983; Noss, 1987; Kapos, 1989; Heldrick and Miller, 1992; 
Ellstrand and Elam, 1993). There is a growing interest in understanding the effects of frag-
mentation on the evolutionary history of natural populations of plants and animals and in 
investigating how to ensure the conservation and biodiversity of forest fragments (Becker et 
al., 1991; Bierregaard Jr. et al., 1992; Aizen and Feinsinger, 1994; Didham, 1998; Laurance et 
al., 2002; Wielgoss et al., 2010).

Eugenia uniflora Linneu 1735, popularly known as pitanga, Surinam cherry, and 
Brazilian cherry, is a member of the Myrtaceae family and a fruit-tree species native to the 
Atlantic Forest and widely distributed in Brazil (Piroli and Nascimento, 2008). According to 
Pelacani et al. (2000), the species is allogamous and dependent on pollinators. Estopa et al. 
(2007) stated that in populations of allogamous plants, deleterious genes are suppressed by 
heterozygosity. These same authors also stated that these genes, when homozygous, affect 
the reproductive viability of the plant. These characteristics make this species an interesting 
subject for studying the effects of fragmentation in natural populations. Although the effects of 
endogamy do not lead to depressed reproduction for all species (Ferreira et al., 2002; Estopa et 
al., 2007), information on these effects is necessary to assess how a species may be threatened 
when populations become isolated and also to define the best strategy for its conservation.
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Meiosis is an event of high evolutionary stability because it is directly related to the 
number of chromosomes in the gametes, and errors in the phases of meiosis directly lead to 
reproductive depression (Ricci et al., 2007). These errors can be conditioned by genetic or 
environmental factors (Pagliarini, 2002). When an allogamous plant is subjected to self-pol-
lination, the population may become homozygous for many alleles, including those involved 
in the control of meiosis; this can cause irregularity in microsporogenesis, leading to reduced 
pollen viability (Ricci et al., 2007). The primary aim of this study was to analyze the effect 
of fragmentation on microsporogenesis and pollen viability in E. uniflora, a species native to 
the Atlantic Forest. We hypothesized that 1) autogamy increases in isolated populations of al-
logamous plants; 2) the autogamy can be expressed, resulting in changes in meiotic behavior, 
3) and the abnormal meiotic behavior increases pollen sterility and reduces the reproductive 
capacity of the species.

MATERIAL AND METHODS

Study areas

Plant material was collected from 4 populations of E. uniflora that occupy 4 separate 
fragments in the Atlantic Forest located in Guarapuava County in the south-central region of 
Paraná, Brazil (Figure 1). Paraná is the largest grain producer in Brazil and most of its biomes 
have been completely fragmented by clearing for large areas of farmland. Guarapuava County 
is divided into 2 types of land. To the west of the urban area is the agricultural region that 
continues to the west of Paraná. The eastern region of the urban area is a large, conserved 
area comprising large forests that are connected by corridors of natural forests over hills and 
along rivers. These features make this region excellent for studying the effects of agricultural 
fragmentation on populations of native species. Among the fragments studied in this article, 
fragment A is located to the west of the Guarapuava urban area and is completely isolated 
(Figure 1). The other 3 fragments (B, C, and D) are located to the east of the Guarapuava 
urban area and are connected by forest corridors either to each other or to other fragments not 
studied here (Figure 1). Plants from fragments A, B, C, and D have been referred to as “popu-
lation A”, “population B”, “population C”, and “population D”, respectively. A summary of 
the characteristics of each fragment studied is shown in Table 1. Flower buds from 16 plants 
were collected from population A (located in fragment A). Flower buds from 20 plants each 
were collected from populations B, C, and D (located in fragments B, C, and D, respectively).

Microsporogenesis analysis

Meiosis analyses were performed in meiocytes isolated from flower buds that were 
collected from plants of each population. To collect flower buds from plants of the same gen-
eration, plants that had a diameter at breast height of 0.15 to 0.20 m were selected from each 
population. After collection, the flower buds were fixed for 24 h in Carnoy’s solution (3:1, 
ethanol:glacial acetic acid). Once set, the buds were transferred to 70% alcohol and refriger-
ated until slides could be prepared. To prepare the slides, the anthers of each flower bud were 
isolated, squashed, stained with 0.5% propionic carmine, and inspected using a white-light 
microscope. A minimum of 5 plants were examined from each population, and a minimum of 
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50 cells in each phase of meiosis from at least 4 flower buds were examined from each plant; 
thus, a total of about 9000 cells were examined. All abnormalities were considered, and the 
most representative were photographed with an image-capture system coupled to the micro-
scope. The number of chromosomes in the samples was determined by counting the number 
of bivalent chromosomes at the diakinesis stage.

Fragment	 Size (acres)	 Geographic coordinates	 No. of plants sampled	 Age of secondary forest (years)	 Forest corridor

A	     8	 25°22ꞌ05,45ꞌꞌS 51°32ꞌ27,16ꞌꞌO	 16	 29	 No
B	 120	 25°19ꞌ24,34ꞌꞌS 51°24ꞌ51,42ꞌꞌO	 20	 41	 Yes
C	   60	 25°24ꞌ01,17ꞌꞌS 51°25ꞌ45,74ꞌꞌO	 20	 20	 Yes
D	   35	 25°26ꞌ03,04ꞌꞌS 51°26ꞌ50,78ꞌꞌO	 20	 23	 Yes

Table 1. Summary of the characteristics of Eugenia uniflora populations from the Atlantic Forest used in this 
study and number of plants sampled in each population.

Analysis of pollen viability

To evaluate pollen viability, 16 plants were analyzed from population A and 20 plants 
each from populations B, C, and D. Four flower buds were taken from each plant, and each 
flower bud contained 500 pollen grains (a total of approximately 152,000 pollen grains). The 
flower buds used for pollen viability were fully expanded, but in the pre-anthesis stage. To 
prepare the slides, the anthers of each flower bud were isolated, squashed, and stained with 
0.5% propionic carmine. Unstained pollen grains and those that appeared to have degenerating 
genetic material were considered unviable.

Statistical analysis

The meiotic index (MI) was calculated, according to the method described by Love 

Figure 1. Map of the Atlantic Forest fragments where the populations of Eugenia uniflora used in this study were 
collected, showing the distance between the fragments (in kilometers). The dotted curved line indicates the forest 
corridor connecting fragments B, C, and D. The circle indicates the urban area of Guarapuava.
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(1949), as follows: MI = (number of normal tetrads / total number of tetrads) x 100, and 
samples with an MI of more than 85% were considered meiotically stable. Statistical analysis 
of the MI values among the populations studied was performed using the chi-square test (χ2).

Statistical analysis of pollen grain viability from the 4 fragments was performed using 
a randomized design, in which the number of flower buds analyzed in each population corre-
sponded to the number of repetitions. Mean values were compared using the Tukey test at 1%. 
Statistical analysis was performed with the GENES software (Cruz, 2006). Pearson’s correla-
tion was used to determine the correlation between the percentage of viable pollen grains and 
viable tetrads from each population.

RESULTS

With the exception of diakinesis, which was analyzed to determine the number of 
chromosomes, the sub-phases of prophase I were not evaluated because of the small size of 
the meiotic cells. When the chromosomes in diakinesis were counted, the presence of 11 biva-
lents (22 chromosomes) was found in all samples. These data confirmed that all the specimens 
analyzed were E. uniflora, refuting the presence of E. pitanga, which is morphologically very 
similar to E. uniflora but has 44 chromosomes.

Analysis of meiosis revealed abnormalities in all the populations studied; however, in 
population A, which was isolated by agricultural areas, the abnormalities were more frequent 
(Table 2). Metaphase I of population A showed 13% abnormalities, while that in the other 
populations showed 3-4% abnormal cells (Table 2). The abnormalities observed in metaphase 
I were precocious migration of univalents to the poles (Figure 2a). Anaphase I in population 
A showed 21% abnormal cells, while that in the other populations showed 4 to 5% abnormal 
cells (Table 2). Late chiasmata terminalization (Figure 2b) and laggard chromosomes (Figure 
2c) were the more frequent abnormalities observed in anaphase I. The laggard chromosomes 
observed in anaphase I gave rise to micronuclei in telophase I and prophase II. Abnormali-
ties were also observed in meiosis II and, again, more frequently in population A (Table 2). 
Precocious chromatid migration to the cell poles was observed in metaphase II (Figure 2d), 
and laggard chromosomes were observed in anaphase II (Figure 2e). These abnormalities gave 
rise to the formation of micronuclei in telophase II (Figure 2f and g) and a pentad contain-
ing 4 normal-size and 1 small microcyte (Figure 2h). Other abnormalities observed were an 
asynchronous phase and convergent spindles. Convergent spindles lead to the formation of 
trinucleated anaphase II and telophase II with restitution nuclei (2n) (Figure 3a and b) and con-
sequent formation of triads (Figure 3c). These triads formed unreduced pollen grains (Figure 
3d). The presence of convergent spindles, triads, and unreduced pollen grains was observed 
only in population A. In addition to these abnormalities, the presence of tetrads with 2 unre-
duced microcytes and 2 small microcytes was observed (Figure 3i).

Population A had the lowest MI (Table 2), and the χ2 test showed a significant differ-
ence in the MI value when compared to that of the other populations (P = 0.030).

The analysis of pollen viability showed the presence of sterile and reduced-size pollen 
grains in all the populations tested (Figure 3d, e, and f). Unreduced pollen grains were also 
observed in population A (Figure 3d). The percentage of abnormalities in population A was 
higher than that in the other populations (Table 2). Analysis of variance confirmed that there 
were significant differences among the populations with regard to the percentage of viable 
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pollen grains (Table 3). Populations C and D had the highest average percentage of viable 
pollen grains, with no differences between them; however, they differed significantly from 
populations A and B (results of the Tukey test), with population A showing the smallest aver-
age percentage of viable pollen grains (Table 4).

Figure 2. Aspects of meiosis in Eugenia uniflora. a. Metaphase I with precocious migration of univalents to the 
poles (arrow); b. anaphase I with chiasmata not terminalized (arrow); c. anaphase I with laggard chromosomes 
(arrows); d. metaphase II with precocious chromatid migration to the cell poles (arrows); e. anaphase II with 
lagging chromosomes (arrow); f. telophase II with 2 apparently normal nuclei (short arrows) and 4 micronuclei 
(long arrows); g. telophase II with 5 microcytes (each arrow indicates a nucleus); h. tetrad with a small pollen 
grain (arrow); i. tetrad with 2 unreduced microcytes (2n) and 2 small microcytes (arrow). Figure 2a-g, and 2i: 
magnification = 1000X; figure 2h: magnification = 400X.

Fragment		  Meiosis I			                           Meiosis II			   Tetrad	     MI

	 Met I	 Ana I	 Tel I	 Pro II	 Met II	 Ana II	 Tel II

A	 87%	 79%	   84%	   82%	 79%	 71%	 87%	   73%	      70.8%
B	 96%	 95%	   96%	   98%	 96%	 94%	 96%	   88%	      95.2%
C	 97%	 96%	   98%	 100%	 97%	 96%	 96%	   93%	      97.2%
D	 96%	 96%	 100%	   99%	 96%	 96%	 99%	 100%	 100%

Table 2. Percentage of normal meiocytes and meiotic index (MI) in 4 populations of Eugenia uniflora collected 
in fragments of the Atlantic Forest in the south-central region of Paraná, Brazil.

Met = metaphase; Ana = anaphase; Tel = telophase; Pro = prophase.
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Figure 3. Aspects of the final stages of meiosis and pollen grains of Eugenia uniflora. a. anaphase II with one 
not reduced nuclei (long arrow) and a bridge between nuclei (short arrow); b. telophase II trinucleated with 
restitution nuclei (arrow); c. triad with 2 normal microsporocytes and 1 not reduced (arrow); d. normal pollen 
grains (arrowheads), not reduced (large arrow), and small (small arrow); e. sterile pollen grain; f. fertile pollen 
grain. Figures 3a-f: magnification = 1000X, figure 3d: magnification = 400X.

Fragment	 No. of plants	 No. of flower	 No. of pollen	 Average percentage of
	 sampled	 buds sampled	 grains sampled	 viable pollen grains*

A	 16	 64	 32,000	 82.62%a

B	 20	 80	 40,000	 93.06%b

C	 20	 80	 40,000	 96.77%c

D	 20	 80	 40,000	 97.59%c

Table 4. Pollen viability in 4 populations of Eugenia uniflora collected in fragments of the Atlantic Forest in the 
south-central region of Paraná, Brazil.

*Means followed by the same superscript letters do not differ by the Tukey test at 1%.

The values of the standard deviation calculated for the percentage of viable pollen grains 
of plants sampled from each population were as follows: A (9.10), B (2.98), C (1.78), and D 
(1.34). These data show that plants from isolated populations have the highest levels of variation.

Source 	      d.f.	 Sum of square	 Mean square	 F-ratio	 P

Population	     3	   9734.3124	 3244.7708	 153.93	 0.00
Residual	 300	   6323.8064	     21.0793
Total	 303	 16058.1188
Overall average	        93.22
CV (%)	          4.92

Table 3. Analysis of variance of the percentage of normal pollen grains of the flower buds sampled in 4 populations 
of Eugenia uniflora collected from fragments in the Atlantic Forest in the south-central region of Paraná, Brazil.

d.f. = degrees of freedom; CV = coefficient of variation.
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DISCUSSION

The isolation of plants resulting from forest fragmentation can decrease population-
size and enable crosses between plants that have a high degree of kinship. These crosses in 
allogamous species can cause homozygosity in alleles that control meiosis, leading to gene 
depression due to endogamy. Genetic depression can compromise plant fertility. According to 
Pagliarini (2000), the fertility of plants is the product of meiotic behavior, and the formation 
of functional gametes is controlled by genes that ensure a normal meiotic process. These al-
leles in a homozygous condition and/or when they have mutated can affect the fertility of the 
species (Baker et al., 1976; Golubovskaya, 1979; Pagliarini, 2000).

The evaluation of microsporogenesis in E. uniflora populations studied here is sum-
marized in Table 2. Analysis of these data showed that in plants of populations B, C, and D, an 
average of 94-100% normal cells were in meiosis I and II. This result showed a tendency to-
ward correction in prophase II and telophase II of the abnormalities observed in the phases of 
association and disjunction of meiosis I and II (metaphase and anaphase). Population A, which 
was isolated by agricultural areas, showed an average of 71-87% normal cells in meiosis I and 
II, with the smallest average observed during anaphase II. The variation between the phases of 
association and disjunction was small and did not show a correction process.

Although population A showed a high rate of abnormalities during meiosis I, it was 
during meiosis II that the abnormalities increased in number (Table 2); this directly affected 
the production of abnormal tetrads. Pearson’s correlation coefficient between the percentage 
of abnormal pollen grains and the percentage of abnormal tetrads was calculated using the 
average values of 5 plants from population A (P = 0.87), and it indicated a strong correlation 
between these characteristics. This shows that pollen sterility observed in the plants from frag-
ment A is a consequence of abnormalities observed during meiosis. Fragment D was the most 
stable during the stages of microsporogenesis and did not present any abnormal tetrads in the 
material analyzed. Although this fragment is the smallest (Table 1), its geographical situation 
leads to inferences about the intensity of gene flow because its location not only allows flow 
from the studied fragments, located in the Pedras River basin, but also from fragments not 
studied and located in the Bananas River basin. This finding shows the importance of forest 
corridors in maintaining a stable population. Aizen (2007) discussed the simplicity of research 
related to the effects of fragmentation and argued that presumptions usually do not offer a real 
explanation of the mechanisms underlying the observed reproductive inability. The author 
emphasized the need to observe the factors inherent in the plant, fragment, and pollinators. 
Aizen (2007) observed that there are limited studies on the mechanisms that lead to changes 
in reproduction. In our study, we sought to fill one of these gaps and showed that populations 
of E. uniflora in isolated fragments had high meiotic abnormalities, which, in turn, resulted in 
compromised viability of pollen grains. These data lead us to propose that this species suffers 
from genetic inbreeding depression. Bittencourt and Sebbenn (2009) conducted a study using 
molecular markers to compare populations of Araucaria angustifolia in isolated fragments 
and large conservation areas. They observed that the isolated populations had fewer alleles 
than the populations from large conservation areas; this leads us to conclude that the isolated 
populations of A. angustifolia suffered from genetic depression. Our group is currently using 
molecular techniques to analyze the populations of E. uniflora at the DNA level to confirm the 
data observed in microsporogenesis studies.
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Plants from fragments B, C, and D had a high rate of pollen grain viability (more than 
93%) (Table 3), while the viability of the pollen grains of plants from fragment A was, on 
average, 82.62%, which is much lower than that of the other fragments (Table 3). Aguilar and 
Galetto (2004) observed a reduction in pollen viability in Cestrum parqui, which, according 
to the authors, is highly sensitive to fragmentation. They concluded that the effects of inbreed-
ing, enhanced by fragmentation, are possible causes for the observed low reproductive vigor. 
Cunningham (2000), who studied plants of Acacia brachybotrya from fragments of vegeta-
tion in Australia, observed a lower number of pollen grains in the anthers of samples from the 
fragmented populations than those of samples from populations of large reserves. They also 
observed a decrease in fruitfulness of the populations in fragmented areas. This study illus-
trates that, compared to populations in connected areas, population isolation caused by habitat 
fragmentation can produce a decline in pollination and fruit formation. The same result was 
observed in our study, showing that E. uniflora is also a species sensitive to fragmentation.

The MI values of the populations from connected areas ranged from 95.2 to 100% and 
the value of the population from the isolated area was 70.8% (Table 2). According to Love 
(1949), an MI value of less than 85% demonstrates non-viability; plants whose MIs were 
greater than 85% were considered to be normal with respect to meiotic behavior, and there-
fore, genetically stable. Loguercio and Battistin (2004) who studied populations of Syzygium 
jambolanum, a member of the Myrtaceae family, as well as E. uniflora (all collected from 
preserved areas) observed an MI value of more than 90% and few irregularities in microspo-
rogenesis, indicating that their populations are meiotically stable. In our study, populations of 
E. uniflora from conserved areas were shown to be meiotically stable as well. These data assist 
in confirming that the plants collected from population A of E. uniflora (the isolated fragment) 
had unstable microsporogenesis owing to the negative effect of isolation.

The high pollen viability observed in populations B, C, and D that are connected 
by corridors may be the result of the greater stability of the genes that control meiosis. This 
stability may be associated with factors such as gene flow, which is a gene-stabilizing factor 
in populations, in concert with other factors such as genetic drift, mutation, and recombina-
tion, which reflect the genetic variability of a population (Bierregaard et al., 1992; Young and 
Boyle, 2000; Santos and Kinoshita, 2003). In contrast, plants in fragment A may suffer the 
effects of inbreeding owing to fragmentation and limitation of gene flow.

The observation of triads in the samples from population A (Figure 3) has evolution-
ary significance because the production of 2n gametes can lead to polyploidization processes 
(Auler et al., 2006). Costa and Forni-Martins (2006), in his study on cytotaxonomy of the 
family Myrtaceae, identified a possible polyploid of E. uniflora as E. pitanga. This species has 
double the chromosome number of E. uniflora. Although he did not identify processes that can 
lead to this polyploidization, it is easy to infer that the non-reduction of both gametes (male 
and female) of E. uniflora following fertilization may have been the mechanism by which E. 
pitanga originated. Further studies are necessary to determine whether this theory is accurate; 
however, it is possible that E. pitanga emerged as a result of polyploidization of E. uniflora.

CONCLUSION

Our results show that the isolation of populations, caused by forest fragmentation, 
has direct effects on microsporogenesis in populations of E. uniflora, leading to increased 
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frequency of meiotic abnormalities, and, consequently, lower pollen viability. These isolated 
populations have decreased reproductive capacity and may, in the long run, compromise the 
future of the species.
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