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A B S T R A C T

In the last decade several insect genomes have been sequenced, but for most the chromosomal mapping of the
identified scaffolds/annotated genes is not available. The lack of this information makes it difficult to analyse
various genetic aspects, including the presence of genome rearrangements and the extent of synteny within and
across species. We mapped five multigenic DNA families (major and minor rDNAs, histone gene cluster, esterases
and carotenoid desaturases) and seven scaffolds corresponding to 9Mb of the soybean aphid, Aphis glycines,
genome and identified loci spanning the four soybean aphid chromosomes. A comparative analysis of the lo-
calization of the annotated A. glycines genes with respect to the peach potato aphid, Myzus persicae, and the fly,
Drosophila melanogaster, evidenced a lower degree of synteny between the two aphid species than in the aphid-fly
comparison. Only 1.4 genes per syntenic block were observed in aphids in contrast to 2.3 genes per block in flies.
This higher chromosomal rearrangement rate in aphids could be explained considering that they possess ho-
locentric chromosomes that can favour the stabilization and inheritance of chromosomal rearrangements. Lastly,
our experiments did not detect the presence of chimeric assemblies in the newly available A. glycines biotype 1
genome, differently from what reported in assembled genome of other aphid species, suggesting that chromo-
somal mapping can be used to ascertain the quality of assembled genomes.

1. Introduction

In the last decade, insect genomics has had highly exciting devel-
opments. From a first phase where most of the sequencing effort was
focused on the genus Drosophila, other insect genomes have followed,
such as that of the honey bee Apis mellifera (Honeybee Genome
Sequencing Consortium, 2006), the red flour beetle Tribolium castaneum
(Tribolium Genome Sequencing Consortium, 2008), the yellow fever
mosquito Aedes aegypti (Dudchenko et al., 2017), the mosquito Culex
quinquefasciatus (Arensburger et al., 2010) and the blood-sucking bug
Rhodnius prolixus (Mesquita et al., 2015).

The currently available insect genomes belong to both major evo-
lutionary lineages of insects (holometabola and hemimetabola) and to
six different insect orders (i.e. Honeybee Genome Sequencing
Consortium, 2006; Grimmelikhuijzen et al., 2007; Tribolium Genome
Sequencing Consortium, 2008; Arensburger et al., 2010; Brucker et al.,
2012; Chilana et al., 2012; Mesquita et al., 2015). These achievements

have greatly increased our knowledge of the biology of insects and
provided a better understanding of applied aspects, such as insecticide
resistance that poses an increasing problem for pest control
(Grimmelikhuijzen et al., 2007). For example, it has been possible to
identify new insecticide targets in addition to the few previously
known, such as acetylcholinesterase, sodium channels and GABA re-
ceptors (Grimmelikhuijzen et al., 2007). Furthermore, it has been
possible to gain a better understanding of the olfactory signalling cas-
cades, responsible for host-seeking behaviour (plant/insect interac-
tions), allowing for the development of more efficient trapping/capture
strategies and tools (Grimmelikhuijzen et al., 2007).

Investigations in the above applied research fields is particularly
needed in aphids, since this taxon includes significant plant pests,
which, by virtue of being phloem feeders, not only impart direct da-
mage to crops, but also serve as vector of debilitating plant diseases
(Van Emden and Harrington, 2007). Genomic resources in the Aphi-
didae are, therefore, critically needed to advance both basic and applied
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research (Mandrioli et al., 2017).
Current resources in aphid genomics include the genome assemblies

for the following aphid species: the pea aphid, Acyrthosiphon pisum
(International Aphid Genomics Consortium, 2010), the Russian wheat
aphid, Diuraphis noxia (Nicholson et al., 2015), a draft of the genome of
the soybean aphid, Aphis glycines (from a composite of multiple North
American populations) (Wenger et al., 2017), the cotton aphid Aphis
gossypii (Quan et al., 2019), as well as four additional species for which
the complete genome papers are in different stages of publications, but
whose genome sequences are available on AphidBase: Aphis glycines
biotype 1 (Giordano et al., in preparation), the black cherry aphid,
Myzus cerasi; the peach potato aphid, Myzus persicae; and the bird
cherry-oat aphid, Rhopalosiphum padi.

Despite the availability of sequenced genomes, few studies have
focused on chromosomal mapping of annotated genes in aphids and
these studies are only specific to the pea aphid (Brisson and Davis,
2008; Manicardi et al., 2015a, b; Mandrioli et al., 2017). The first pea
aphid genetic map was conducted by Hawthorne and Via (2001) with
the aim to study the pea aphid host plant specialization. In particular,
they developed a linkage map of 173 dominant amplified fragment
length polymorphism (AFLP) markers grouped into four linkage groups.
This set of markers was successively enriched with seven additional
AFLP markers on the X chromosome (Braendle et al., 2005).

Using a different approach, Mandrioli et al. (2017) assessed the
localization of eight A. pisum scaffolds (covering 5Mb and 83 genes)
identifying loci spanning all the four A. pisum chromosomes and in this
manner favoured the identification of chromosomal markers useful for
the study of chromosomal rearrangements. The availability of mapping
data in aphids could be beneficial in several ways and in particular to: i)
elucidate the evolution of aphid karyotypes; ii) provide genetic evi-
dence for the origin of virulent biotypes that have evolved in response
to plants with various resistance levels and genes (Cooper et al., 2015).

In the present work we assessed the localization of seven A. glycines
scaffolds (spanning 9Mb and 53 genes), as well as the localization of
five multigenic DNA families (major and minor rDNAs, histone gene
cluster, esterases and carotenoid desaturases). This approach allowed
the identification of loci spanning all four A. glycines chromosomes. In
order to evaluate the impact of holocentric chromosomes on the oc-
currence of genome rearrangements in aphids in comparison to the
typical monocentric chromosomes, we performed an analysis of the
synteny between A. glycines and the peach potato aphid, M. persicae, as
well an analysis of the former with the fruit fly, D. melanogaster.

2. Materials and methods

The specimens of soybean aphid A. glycines used in the present re-
search were obtained from a laboratory strain belonging to the A. gly-
cines Biotype 1 collected in Urbana, Illinois (USA) in 2001. Aphids were
maintained asexually on weekly-changed soybean leaves at 20 °C at a
light-dark regime of 16 h light: 8 h darkness in the insectary of the
Università Cattolica del Sacro Cuore in Piacenza (Italy), according to
the letter of authority issued under Directive 2008/61/EC by the Italian
Central Phytosanitary Service (prot. n. 0020273, dated August 03,
2016) allowing the rearing of the aphids in controlled conditions, in
order to avoid a possible spread of the pest in Italy. Live aphids used in
this research were never managed outside the dedicated insectary and
at the end of the experiments the colony was eliminated by deep
freezing and subsequent incineration.

Chromosome preparations were obtained within the insectary pre-
mises, from live parthenogenetic females, by the spreading of embryo
cells as reported by Monti et al. (2011), whereas chromomycin A3
(CMA3) staining was done as described by Mandrioli et al. (2017).

DNA extraction was performed using the Wizard® SV Genomic DNA
Purification System (Promega), according to the manufacturer's in-
structions using A. glycines adults collected in the insectary, im-
mediately preserved in 95% ethanol and stored at −20 °C until DNA
extraction. DNA samples were quantified by spectrophotometric ab-
sorbance measurements at 260 nm using a Nanodrop ND 1000
Spectrophotometer (NanoDrop Technologies). The Long PCR Enzyme
Mix (Fermentas), combined to a digoxigenin (DIG)- and biotin-labelling
of the probe with the PCR DIG labelling kit (Roche), was used to am-
plify and label two contiguous 20 Kbp long probes for each scaffold.
The use of two probes for each scaffold was preferred as it allows longer
labelled chromosomal portions and consequently stronger fluorescent
signals on chromosomes, as already assessed in Mandrioli et al. (2017).
Oligonucleotide primers (Table 1) were specifically designed on the A.
glycines Biotype 1 scaffold sequences (available in Aphidbase) using the
on-line software Primer 3 (http://bioinfo.ut.ee/primer3/).

In order to amplify the complete cluster of genes coding for his-
tones, the primers HIS-CLUST-F (5′-CGAAACCGTAAAGGGTACGA) and
HIS-CLUST-R (5′-GGCGGCTTTGACTTT ATTGA) were designed on the
basis of the A. pisum unplaced genomic scaffold 368 (NW_003383857.1,
from base 259987 to 272662). Primers were used to amplify a 7379 bp
fragment with a Hybaid thermal-cycler using the Long PCR Enzyme Mix
(Fermentas) with a 68 °C annealing temperature and extension for
8min (25 cycles), according to the manufacturer's instructions.

The 5S rDNA repeat unit of A. pisum was amplified by PCR using the
primers, 5S–F (5′-TGCACGTAGTGTTCCCAAGC) and 5S-R (5′-ACGACC
ATACCACGTTGAATAC), designed according to the 5S sequences of
aphid Acyrthosiphon magnoliae available in GenBank (ID: X01518). The
above two primers were designed to prevent primer cross-hybridization
with other pol III-controlled genes (Geiduschek and Tochini-Valentini,

Table 1
List of primers for the amplification of FISH probes on scaffolds.

SBAphidCtg1000 1000F1 5′- TTTTATCCAAAAATCACTTGTCCAT
1000R1 5′- CTATTCGTTGTTTGCAATTACACTG
1000F2 5′- TATTTATACGGGTTATGCGGAGATA
1000R2 5′- GCTTAGCTAAAGATTTATGCGACTG

SBAphidCtg1002 1002F1 5′- ATTGTACAGCTGTCTAGGTGGTTTC
1002R1 5′- AAACTGAGCACTAGGAACTTGAAGA
1002F2 5′- TATGCGGGTAGTGACTTAGTGTGTA
1002R2 5′- TTAGTGGGGTAGTCAGTCGTTTTAG

SBAphidCtg1004 1004F1 5′- GTAGCGATTGTGTAAGTGCAATATG
1004R1 5′- TTTTTGGGTCACCAATTTTAATAGA
1004F2 5′- TCTAGATAAGCGGTTTCATGATTTC
1004R2 5′- CAATAGCTTAGCCTTGACGAAGTAG

SBAphidCtg1016 1016F1 5′- ATTGTCGCGCGTTACATACTTAGCTG
1016R1 5′- ATAGCCCTAGCTCTAGAGCTCTGAGA
1016F2 5′- TTTGGCCTATAAATCTCGCTCTAGG
1016R2 5′- CTCCGATATTTAACTCTATATCTCT

SBAphidCtg1039 1039F1 5′- GTACCACCGTCTATCTGTCTCAAGT
1039R1 5′- ACGATTTTTAACGATTTATGGATGA
1039F2 5′- GTCGAAATGAGGAAATAGAGTTGAA
1039R2 5′- ATCGTACTCTTTTCACAAGAACCAC

SBAphidCtg6374 6374F1 5′- GTAGCATCTCCTCCAGATGAAATTA
6374R1 5′- AATTGTAGTTTCGTCGCTTATTGAC
6374F2 5′- GTACCTACACGTTTGAGGAGAAAAA
6374R2 5′- ACTATACGTGCGATAATGCCTCTAC

SBAphidCtg6376 6376F1 5′- CTAGCAACTGCTCCAGATGTTTTAT
6376R1 5′- TTAAGTAGTTTCCTCGCTTTAAGTG
6376F2 5′- CTACCTACACGAAAGACCAGTTTTT
6376R2 5′- TTTAGACGTGCACTAATGCGAACTA
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1988). The amplification was performed with a thermocycler Hybaid at
an annealing temperature of 59 °C for 30 s and an extension tempera-
ture of 72 °C for 45 s.

An internal portion of the 28S rDNA gene was amplified using the
primers 28S–F (5′-AACAAACAACCGATACGTTCCG-3′) and 28S-R (
5′-CTCTGTCCGTTTACAACCGAGC-3′), designed using the A. pisum 28S
rDNA sequences available in GenBank (ID: KY558389.1). Amplification
was performed using a Hybaid thermal cycler at an annealing tem-
perature of 60 °C for 1min with an extension temperature of 72 °C for
1min.

The desaturase genes (tor) was amplified using the primers F (
5′-ACTGGACACATTTTGACATCCT) and R (5′-TCAATGTCGGGCGTAA
ATTACT), designed on the sequence of the A. pisum carotene desaturase
gene (tor) available in GenBank (ID: 100169245).

A portion of the esterase gene was amplified using the primers

esterase_F (5′-AAATCATATTTCCCGGGTTC) and esterase_R (5′–AGGTT
CACTAAGATTACTCA), as previously reported in Rivi et al. (2013).

The amplification of the probes for 28S, 5S, esterase and tor were
performed with an amplification mix containing 100 ng of genomic
DNA as template, 1 μM of each primer, 200 μM dNTPs, and 2 U of
DyNAZyme II polymerase (Finnzymes Oy, Vantaa, Finland). The results
of the PCR amplification were evaluated in a 1.2% agarose gel elec-
trophoresis.

Random priming probe biotin-labelling was performed with the
Biotin High Prime (Roche), whereas the PCR digoxigenin labelling were
performed using the Dig High Prime (Roche). Both labelling were
performed according to the Roche protocols.

Fluorescent in situ hybridization (FISH) was performed as described
by Monti et al. (2011) using fluorescein isothiocyanate (FITC)-con-
jugated anti-DIG antibodies (Roche) for the DIG labelled probes and

Fig. 1. A. glycines chromosomes stained with propi-
dium iodide after fluorescent in situ hybridization (a,
c-d, g-i, k-l) allowed to determine the localization of
genes coding for carotenoid desaturase (a), 5S rDNA
(d), esterase (h), 28S rDNA (l), together with the
localization of the scaffolds 1039 (c), 1002 (g), 1000
(h, k), 1004 (i), 6374 (i), 6376 (k) and 1016 (l). In
order to define the reciprocal position on chromo-
somes, double FISH experiments with FITC-labelled
probes (in green) for histone cluster (g), scaffold
1000 (h) scaffold 1004 (i), scaffold 6376 (k) and 28S
rDNA (l) and AMCA-labelled probes (in blue) 1002
(g), esterase (h), scaffold 6374 (i), scaffold 1000 (k)
and scaffold 1016 (l) were also performed. CMA3
staining (b, e-f, j) labelled a telomeric portion of the
two X chromosomes thus facilitating their identifi-
cation. Bar corresponds to 100 μm. 1039: scaffold
SBAphidCtg1039. 1016: scaffold SBAphidCtg1016.
1000: scaffold SBAphidCtg1000. 6376: scaffold
SBAphidCtg6376. 6374: scaffold SBAphidCtg6374.
1002: scaffold SBAphidCtg1002. 1004: scaffold
SBAphidCtg1004. tor: carotenoid desaturase. hist:
histone gene cluster. est: esterase. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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aminomethylcoumarin acetate (AMCA) conjugated-avidin for the biotin
labelled probes. FISH slides were observed using a Zeiss Axioplan epi-
fluorescence microscope. Photographs of the fluorescent images were
taken using a CCD camera (Spot, Digital Instrument, Madison, USA) and
the Spot software supplied with the camera. Images were processed
using Adobe Photoshop (Adobe Systems, Mountain View, CA).

Search for orthologues of the genes mapped in A. glycines, was done
in M. persicae and D. melanogaster by BLAST alignments in GenBank
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) both at the DNA and protein
level, according to Moreno-Hagelsieb and Latimer (2008). A further
confirmation of the identification, limited to aphids, was performed by
BLAST alignments of aphid genomes using AphidBase (http://www.
aphidbase.com). M. persicae genomic data were downloaded from
Aphidbase (http://bipaa.genouest.org/is/aphidbase/myzus_persicae/).
Successively, synteny was manually evaluated by comparing the dis-
tribution of genes in the aphid scaffolds with respect to the D. mela-
nogaster genome assembly using Genome Browser (https://www.ncbi.
nlm.nih.gov/genome).

3. Results

In order to conduct a first mapping of the A. glycines genome, a FISH
approach based on the use of PCR-made long probes was conducted. The
mapped scaffolds were: SBAphidCtg1000 (1,67Mb), SBAphidCtg1002
(1,37Mb), SBAphidCtg1004 (1,3Mb), SBAphidCtg1016 (0,9Mb),
SBAphidCtg1039 (0,67Mb), SBAphidCtg6374 (1,29Mb) and
SBAphidCtg6376 (1Mb).

The above set of scaffolds, together with the localization of genes
belonging to the multigene family 28S rDNA, 5s rDNA, esterase, tor and
histone cluster, allowed the identification of at least two chromosomal
markers for each A. glycines chromosomes (Figs. 1 and 2).

The desaturase gene (tor) (Fig. 1a), the gene of the histone cluster
and the scaffold SBAphidCtg1002 mapped in close proximity near a

terminal region of autosome 1 (Fig. 1g), whereas the 5S rDNA gene was
located in an interstitial position of the same autosome (Fig. 1d).

The 28S rDNA genes were mapped on a telomeric portion of the two
X chromosomes (Fig. 1l), whereas the scaffold SBAphidCtg1016
mapped at the opposite telomere (Fig. 1l). The scaffold SBA-
phidCtg1039 was localized in a sub-terminal position in the 28S rDNA-
bearing telomere of the X chromosomes (Fig. 1c).

The scaffold SBAphidCtg6376 (Fig. 1k) was mapped in a telomeric
position of autosomes 2, whereas scaffold SBAphidCtg1000 (Fig. 1h)
and the esterase genes (Fig. 1h) were found located in a intercalary
position closer to the opposite telomere of the same chromosomes.

Scaffolds SBAphidCtg1004 (Fig. 1i) and SBAphidCtg6374 (Fig. 1i)
were mapped near the opposite termini of autosomes 3.

The localization of the seven A. glycines scaffolds allowed the
comparison of the syntenic extent of the 53 localized genes in the
soybean aphids as compared to D. melanogaster andM. persicae and thus
permitted the evaluation of the chromosome rearrangement rate in two
species of aphids in comparison to D. melanogaster (Figs. 3–9). The
synteny analysis evidenced an average of 1.4 genes per syntenic block
in aphids, suggesting a low degree of synteny between the two aphid
species, in contrast to the 2.3 genes per syntenic block in the A. glycines
- D. melanogaster comparison.

4. Discussion

With rare exceptions, the structure of aphid chromosomes and
their evolution have received little attention. The few available pub-
lished papers have been focused mainly on the X chromosomes in view
of their involvement in sex determination and their enrichment in
satellite DNA and heterochromatin (Bizzaro et al., 1999; Mandrioli
and Borsatti, 2007; Monti et al., 2011; Jaquiéry et al., 2011, 2018;
Mandrioli and Manicardi, 2012, 2014; Wilson et al., 2014; Muggli
et al., 2015; Mandrioli et al., 2017). Actually, cytogenetics can serve
as an independent and important mode of inquiry to validate currently
available aphid genome assemblies. The need for this validation is
strongly supported by recent data that points to the occurrence of a
very high rate of misassembly in the A. pisum genome (Jaquiéry et al.,
2018). Indeed, according to Jaquiéry et al. (2018), the pea aphid
genome assembly Acyr 2.0 contains widespread errors and more than
half of the scaffolds larger than 150 kb are chimeras of X and auto-
somes. These results confirmed a previous conclusion, based on a
genetic map of 305 microsatellite markers (Jaquiéry et al., 2011), that
high rates of scaffold misassembly were present in the pea aphid
genome.

Moreover, Jaquiéry et al. (2018) suggested that assembly errors
involving fragments of less than 10 kb could be present, but not de-
tected given the low resolution of their analyses. Their conclusion was
that the genome of the pea aphid presents considerable assembly pro-
blems to a degree that goes beyond the assembly results obtained with
current assembly pipelines (e.g. Salzberg et al., 2004; Muggli et al.,
2015).

As shown by results reported in Mandrioli et al. (2017), cytogenetics
is a valuable tool not only to study aphid karyotype evolution, but also
to furnish additional data useful for the assembly of genomes in aphids
(including the reassembly of the pea aphid genome). Indeed, Mandrioli
et al. (2017) developed an approach, based on 10 kbp long probes,
which showed that cytogenetic data, can lead to genome assemblies of
higher quality for aphids and other species.

In order to proceed with a first analysis of the extent of synteny and
conservation in the gene order of aphids, we mapped seven A. glycines

Fig. 2. Schematic summary showing the chromosomal localization of the
mapped scaffolds and multigene families. 1039: scaffold SBAphidCtg1039.
1016: scaffold SBAphidCtg1016. 1000: scaffold SBAphidCtg1000. 6376: scaf-
fold SBAphidCtg6376. 6374: scaffold SBAphidCtg6374. 1002: scaffold
SBAphidCtg1002. 1004: scaffold SBAphidCtg1004. tor: carotenoid desaturase.
hist: histone gene cluster. est: esterase.
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scaffolds (spanning 9Mb and 53 genes) and five multigenic DNA fa-
milies (major and minor rDNAs, histone gene cluster, esterases and
carotenoid desaturases) identifying loci spanning all the four soybean
aphid chromosomes, without evidencing any hybridization signal
which could suggest the presence of chimeric assemblies in the biotype
1 A. glycines genome assembly. Our cytogenetic study allowed us to
identify at least two chromosomal markers for each chromosome, lo-
cated at the opposite terminal portions. A. glycines is therefore the first
aphid species whose karyotype can be compared in different biotypes to
determine if they are associated with chromosomal rearrangements.

Aphids possess holocentric chromosomes with a kinetic activity that
is diffused along the entire chromosome which favours the stabilization
of chromosomal rearrangements (Manicardi et al., 2015a, 2015b).
Moreover, aphid reproduction mainly consists of apomictic partheno-
genesis that fosters the inheritance of rearranged karyotypes (Manicardi

et al., 2015a, 2015b). In view of these unique biological properties, we
evaluated not only the synteny between aphids (A. glycines vs M. per-
sicae), but also the synteny extant between A. glycines and Drosophila to
evaluate the impact of holocentrism on the evolution rate of aphid
genomes.

The synteny analysis performed, comparing A. glycines gene maps
with those of the peach potato aphid M. persicae, evidenced a low de-
gree of synteny between the two aphid species in comparison to the
aphid-fly comparison. An average of only 1.4 genes per syntenic block
was observed when comparing the two aphid species while 2.3 genes/
block were noted in the comparison A. glycines - Drosophila. Our results
strongly mirror those found in Lepidoptera by d'Alençon et al. (2010),
who compared Bombyx mori and the noctuid species Spodoptera frugi-
perda and Helicoverpa armigera, evidencing high rates of local genome
rearrangements that resulted in small conserved syntenic blocks of

Fig. 3. Comparison of the gene map of A. glycines scaffold 1039 with the D. melanogaster Muller elements A-F (grey bars at right) and the M. persicae scaffolds (black
bars at left). 1: armadillo. 2: vacuolar protein sorting 26. 3: arginine N-methyltransferase. 4: glycil-tRNA synthase. 5: ribosomal protein L3. 6: ribosomal biosynthesis
regulatory protein. 7: ubiquinone biosynthesis protein Coq7. 8: COP9 signalosome subunit 8.
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genes approximately containing 1.3 genes per block between B. mori
and the two noctuid species and 2.0 genes per block between S. frugi-
perda and H. armigera. This corresponds to approximately two chro-
mosome breaks per Mb of DNA per million years pointing to an evo-
lutionary rate that is much higher than that found among species in the
genus Drosophila, supporting the hypothesis that holocentric chromo-
somes can greatly increase the number of local chromosomal re-
arrangements in respect to monocentric ones.

The analysis of the localization of the different studied gene families
allowed a comparison with other aphid species, where these genes have
been mapped. In particular, in aphids major rDNA genes are generally
arranged as tandemly repeated clusters that have been localized at one
telomere of the X chromosomes by in situ hybridization with 28S rDNA
probes (Blackman et al., 2000; Mandrioli et al., 2011; Manicardi et al.,
2015a, b). Exceptions include the interstitial position of rDNA genes in

Amphorophora idaei (Fenton et al., 1994) and the autosomal localization
of NORs in Schoutedenia lutea (Hales, 1989). According to the work
presented herein, the major rDNA genes are likewise present at a tel-
omere of the X chromosomes in A. glycines as well, confirming that the
28S rDNA genes are a bona fide marker for the sex chromosomes in
aphids.

In contrast to the conserved position of the major rDNA genes, the
localization of the 5S rDNA on aphid chromosomes varies between
species. FISH experiments evidenced a single cluster located in an in-
terstitial position in the autosomes 1 of Aphis nerii (Mandrioli et al.,
2011) and two interstitial clusters on X chromosomes, together with a
5S rDNA cluster in an intercalary region of autosome 1, in A. pisum
(Bizzaro et al., 2000). Using fluorescent in situ hybridization (FISH)
experiments it has been clearly assessed that the 5S rDNA genes are
located in an interstitial position of autosomes 1 in A. glycines, in

Fig. 4. Comparison of the gene map of A. glycines scaffold 1002 with the D. melanogaster Muller elements A-F (grey bars at right) and the M. persicae scaffolds (black
bars at left). 1: vacuolar fusion protein MON1. 2: glutaredoxin. 3: ATPase ASNA1. 4: ribosomal protein L24. 5: pre-mRNA splicing factor 38. 6: ubiquitin-conjugating
enzyme E2. 7: transcription factor jun. 8: ribosomal protein L24e. 9: prefoldin. 10: mitochondrial ribosomal protein L48.
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accordance to data previously reported for Aphis nerii (Mandrioli et al.,
2011).

Histone coding genes have been studied in four aphid species, with
some differences in their reported localization. In the wheat aphid,
Diuraphis noxia, the histone H3 and H4 coding genes were co-localized
at the 28S rDNA-bearing ends of the two X chromosomes (Novotná
et al., 2011). As previously reported, this co-localization is not a unique
feature of aphids and it suggests that histone genes could be inserted
into the intergenic spacer region, as reported in Coleoptera (Roehrdanz
et al., 2010). This hypothesis is further supported by FISH experiments
with the H3 probe showing that the histone gene cluster is, like the
rDNA genes, present in the silver nitrate positive bridge connecting the
two X chromosomes at prometaphase, during male determination
(Novotná et al., 2011). In contrast to these results, for A. pisum, M.
persicae and D. noxia, the histone genes have been mapped in a single

cluster located in an interstitial position of autosome 1 (Mandrioli and
Manicardi, 2013). The results presented in this work for A. glycines
confirmed that aphid histone genes are present in a single chromosome
in the aphid karyotype and that the localization on autosome 1 appears
to be the most conserved and likely most ancient position.

Most of the genes/scaffold identified in this work mapped towards
the terminal portion of the A. glycines chromosomes. According to
previous literature, due to the holocentric nature of aphid chromo-
somes, most of the crossing over events occur at the termini due to the
fact that a centrally positioned chiasma cannot be resolved at anaphase
I (Nokkala et al., 2004) so that the localization of most genes towards
the chromosomal termini is evolutionary favoured. This suggestion is
supported by what has been observed in the holocentric chromosomes
of the hemipteran Psylla foersteri (Psylloidea), where the condensation
of holocentric bivalents result in spatial reorganization of the chiasma

Fig. 5. Comparison of the gene map of A. glycines scaffold 6374 with the D. melanogaster Muller elements A-F (grey bars at right) and the M. persicae scaffolds (black
bars at left). 1: Ofd1 protein. 2: nuclear pore complex protein nup107. 3: glutaminyl-tRNA synthase. 4: integrator complex subunit 9. 5: ACC transporter ABCE. 6:
DUF2040. 7: RagA G protein. 8: proteasome suunit beta. 9: acin1. 10: ribosomal protein L37ae.
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loops (Nokkala et al., 2004). In particular, it has been suggested that the
holocentric structure of chromosomes act indirectly as restrictive fac-
tors upon the number and position of chiasmata that may be formed
(Nokkala et al., 2004). Similarly, it has been observed that strong
limitations are present in the number of crossing over in the holocentric
chromosomes of the nematode Caenorhabditis elegans since each chro-
mosome may form a single chiasma per bivalent at one of the termini
(Riddle et al., 1997; Hillers and Villeneuve, 2003).

Our cytogenetic data provided valuable results that can be used to
better disentangle problems related to the evolutionary trends of the
aphid genome organization and karyotype structure. Moreover, our
experiments did not detect the presence of chimeric assemblies in the
newly available Biotype 1 A. glycines assembled genome. The integra-
tion of cytogenetics data into the standardized work flow in the genome
assembly pipeline of future aphid genome projects can provide vali-
dation for the commonly used automated assembly pipelines. Indeed

this revised approach could be useful to avoid the problems reported in
the current pea aphid genome assembly.

Acknowledgements

The authors would like to thank A. Nardelli for his help in the
preparation of the first set of chromosome slides. The M. persicae clone
G006 genomic DNA sequence data were downloaded from AphidBase
(http://www.aphidbase.com), made available in advance of publica-
tion. Funding for M. persicae clone G006 genomic sequencing was
provided by USDA-NIFA Award 2010-65105-20558. Funding for the
sequencing of the genome of Aphis glycines Biotype 1 was provided by
the United Soybean Board (USB), Illinois Soybean Association (ISA),
and the North Central Soybean Research Program (NCSRP) to R.
Giordano.

Fig. 6. Comparison of the gene map of A. glycines scaffold 1016 with the D. melanogaster Muller elements A-F (grey bars at right) and the M. persicae scaffolds (black
bars at left). 1: ataxin-2. 2: tyrosine phosphatase. 3: kibra. 4: menin. 5: transcription factor TFIIB. 6: elongator complex protein 4. 7: eukaryotic translation initiation
factor 3 subunit K. 8: UBA.
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Fig. 7. Comparison of the gene map of A. glycines scaffold 1000 with the D. melanogaster Muller elements A-F (grey bars at right) and the M. persicae scaffolds (black
bars at left). 1: wings apart-like. 2: GPI transamidase component PIG-T. 3: rad4. 4: mitochondrial matrix Mmp37. 5: defective in cullin neddylation protein. 6:
dynactin subunit 6.

M. Mandrioli, et al. Insect Biochemistry and Molecular Biology 113 (2019) 103228

9



Fig. 8. Comparison of the gene map of A. glycines scaffold 1004 with D. melanogaster Muller elements A-F (grey bars at right) and M. persicae scaffolds (black bars at
left). 1: af4/fmr2 family member 4. 2: FAD/NAD-binding protein. 3: ribosome-binding factor A.
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