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Introduction

Recently, materials scientists have taken interest in the nest
cell linings of Colletes bees as a promising model for the
synthesis of natural polymers, though they have been of
long-standing interest to entomologists for taxonomic and
evolutionary classification [1]. Colletes bees are capable of
producing a high molecular weight, linear polyester [2] that
is naturally derived, robust and strongly resistant to
chemical degradation [2—4]. It has also been shown to be
biodegradable [5] and may serve as a model for non-
petroleum derived polymers in the future.

The source of the nest cell lining material has been
identified as the Dufour’s gland of Colletes bees, an enlarged
gland containing a variety of macrocyclic lactones located in
the bees’ abdomens [2, 3, 6-8]. However, the process of nest
cell lining construction is contested. Batra [8] suggests the
Dufour’s gland secretions are ingested and mixed with sal-
ivary secretions in the crop before being licked onto the nest
cell walls. In contrast, Torchio et al. [9] suggests that the bee
first applies salivary secretions to the nest cell walls before
using its bilobed tongue to lick on the Dufour’s gland
secretions separately. In both cases the mechanism for
polymerization is unknown, though it is assumed to be the
result of the addition of salivary secretions since the Du-
four’s gland secretions do not self-polymerize [2, 10].

Investigations of the nest cell lining material have
focused principally on material origin and, to a lesser
extent, chemical composition. Though the nest cell lining
material is composed of a polyester [2], combustion and
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amino acid analysis of nest cell linings show a significant
presence of protein [3].

Little attention has been given to nest cell lining mate-
rial microstructure. Observations of other species in the
same family as Colletes have noted fibre-like striations in
the nest cell lining material [11, 12]. These have been seen
in Hylaeus cressoni [11] and attributed to texture as result
of licking application in Chilicola venticola [12]. However,
observations within Colletes are less clear; some investi-
gations have shown the material to be quiet smooth [3]
while others have noted fibre-like structures and attributed
them to larval excrement or cocoon spinning [13].

This study addresses the discrepancies in the published
literature on nest cell structure and construction by analysis
of the microstructure of the nest cell lining of Colletes
halophilus. The objective was to ascertain if one or both of
the components of the lining material were natural poly-
ester or if they were different in nature, thereby accounting
for the protein detected. Use of advanced microscopy and
analysis techniques provide new information on the mor-
phology and chemistry of the nest cell lining material and
give a clearer understanding of its potential as biopolymer.

Materials and methods
Nest cell collection

In this study the nest cell lining of Colletes halophilus, a
solitary bee native to eastern England and much of conti-
nental Europe, was examined. Complete nest cell samples
were excavated from sandy nesting areas in East Tilbury,
UK and were roughly 5-17 mm in length and 7-9 mm in
diameter with a wall thickness of roughly 30 um. They were
washed with water to remove pollen and debris before being
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Fig. 1 Colletes halophilus nest cell linings, washed (leff) and
unwashed (right)

sealed in vials and stored at 4 °C until use. Typical nest cell
linings, both before and after cleaning, can be seen in Fig. 1.

Microstructural analysis

Initial microstructure investigations were completed on
nest cell linings using a JEOL 6480LV scanning electron
microscope (SEM). Samples were gold sputter-coated to
render them conductive then examined in the SEM using
an accelerating voltage of 10 kV. The inner and outer
surfaces of the nest cell lining were examined using this
method as well as transverse sections. The latter were
obtained using tensile fracture as well as by freeze frac-
turing samples using liquid nitrogen.

Further investigations, relating chemistry to microstruc-
ture, were carried out using a LSM 510META Zeiss confocal
microscope. To prepare samples of the nest cell linings for
confocal microscopy they were stained with Krypton™
Protein Stain, produced by Thermo Fisher Scientific Inc.
This stain was selected for its affinity to protein, such that it
would selectively stain the fibres if they were proteinaceous
in nature, leaving the known polyester material unstained.
The staining protocol used, provided by the manufacturers,
was akin to that recommended for gel staining, replacing the
gel with nest cell lining material and allowing samples to
remain in staining solution overnight [14]. Once stained, the
nest cell linings were immediately analyzed with a confocal
microscope using a HeNe 543 nm laser for excitation.

Results and discussion
Morphology of nest cell lining

SEM was used to analyze the morphology of the nest cell
lining. Figure 2 shows a transverse view of the nest cell

Fig. 2 SEM image of transverse section of nest cell lining

lining obtained through tensile fracture. Inset in Fig. 2 is a
higher magnification SEM image showing the laminated
through thickness appearance of the nest lining which could
relate to the way in which the lining is laid down in con-
secutive layers. Although previously the nest lining was
considered to be a continuous film [3], Fig. 2 shows the
presence of distinct fibres ranging in size from 2 to 7 um in
diameter. Not only is the presence of fibres confirmed, it can
be seen that the fibres occur exclusively on the outer surface
of the material. Figure 3 shows the external surface of the
nest cell lining, highlighting the fibre location. External fibre
placement indicates that the fibres must be laid down by the
adults of the species and are not a larval product as previously
suggested [13]. This confirms that the construction of the nest
cell lining is more complicated than previously thought, with
the Colletes bees producing a composite material with two
distinct main components. In contrast, the internal surfaces of
the nest lining were featureless and planar in aspect.

Composition of nest cell lining

The presence of distinct fibres raises the question as to
whether or not the fibres are composed of the polyester

Fig. 3 SEM image of the exterior surface of nest cell lining
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Fig. 4 Confocal image
showing a stained fibres with
unstained matrix included and
b stained fibres isolated from
the matrix

material previously found to constitute the nest cell lining.
Using confocal microscopy it can be seen that these two
components are indeed distinct with the fibres being posi-
tively stained for protein while the matrix remained unaf-
fected by the Krypton™ Protein Stain. This is illustrated in
Fig. 4, showing two images of the stained nest cell lining
(a) where the unstained matrix has been left in the image
and (b) where the stained fibres have been isolated from the
image. Initial amino acid analysis of Colletes halophlius
nest cell linings has shown high quantities of alanine and
glutamic acid, a composition akin to some insect silks [3,
15]. The data, coupled with the discovery of proteinaceous
fibres, suggests that the nest cell lining is a composite
material composed of silk fibres in a polyester matrix as
supported by the literature [2—4, 8].

The nest cell linings produced by adult Hylaeus bees, a
genus of the same family as Colletes, have been shown to
contain both silk and polyester lipid [8, 16] and it is pos-
sible Colletes bees use a similar silk production mecha-
nism. In this case, the salivary glands could be expected to
be the source of silk production [8]. A two-step process of
nest cell construction, where fibres are extruded separately
from the matrix material, seems the most likely explanation
for the formation of this type of composite material. This
lends support to Torchio’s [9] observations where Colletes
kincaidii was seen applying salivary secretions before
licking on Dufour’s gland material. The silk could be
extruded in this initial step when the Colletes bee applies
the salivary secretions and could aid in the polymerization
of the Dufour’s gland material.

Conclusions
Colletes bees have been considered remarkable for their

production of a linear polyester that is both naturally

@ Springer

derived and robust. The results of this study show that
Colletes females are the source of the silk fibres which
are a fundamental component of the composite nest cell
lining. Although the origin of silk production is not yet
known, it is likely to be a secretion of the salivary
glands. Since it is believed an additional salivary gland
secretion is key to the formation of the polyester, it is
possible that the production of the silk fibres aids in
polymerization. Alternatively, the fibres may provide a
scaffold for the application of the polyester material.
Continued understanding of the role and production of
the nest cell lining components may inform the devel-
opment of more robust biopolymers in the future.

Acknowledgements The authors would like to acknowledge the
Fulbright Commission for the award of a scholarship to one of the
authors in support of this study. Thanks go to the MAS Centre at
the University of Bath for help with the electron and confocal
microscopy, and to Franklin W. Olin College of Engineering for their
continued collaboration throughout this project.

References

1. Michener CD (1964) Am Zool 4:227

2. Hefetz A, Fales HM, Batra SWT (1979) Science 204:415

3. Albans K, Aplin R, Brehcist J, Moore J, O’Toole C (1980)
J Chem Ecol 6:549

. Jakobi VPDH (1963) Z Bienenforsch 7:72

. Clark P (2011) The Washington Post, Washington, DC 15 March
2011

. de Lello E (1971) J Kansas Entomol Soc 44:5

. May DGK (1974) ] Kansas Entomol Soc 47:504

. Batra S (1980) J Kansas Entomol Soc 53:509

. Torchio P, Trostle G, Burdick D (1988) Ann Entomol Soc Am
81:605

10. Almeida EAB (2008) Apidologie 39:16. doi:10.1051/apido:

2007049
11. Batra S (1972) J Kansas Entomol Soc 45:208

W

O 0 3 N


http://dx.doi.org/10.1051/apido:2007049
http://dx.doi.org/10.1051/apido:2007049

J Mater Sci (2011) 46:6154-6157 6157

12. Packer L (2004) J Kansas Entomol Soc 77:805 15. Craig CL (1997) Ann Rev Entomol 42:231

13. Torchio PF (1965) J Kansas Entomol Soc 38:182 16. Espelie K, Cane J, Himmelsbach D (1992) Cell Mol Life Sci
14. Thermo Fisher Scientific Inc. (2010) In: Krypton Protein Stain, 48:414
Thermo Fisher Scientific Inc., Pittsburgh

@ Springer



	Evidence of biocomposite structure in Colletes halophilus nest material
	Introduction
	Materials and methods
	Nest cell collection
	Microstructural analysis

	Results and discussion
	Morphology of nest cell lining
	Composition of nest cell lining

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


