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The photosynthetic parameters of cucumber as affected by irradiances
with different red:far-red ratios
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Abstract

We compared photosynthetic performance between cucumber (Cucumis sativus L.) leaves acclimated to saturating
irradiances with high red : far red (R:FR = 10) and normal R:FR (= 1.4) ratios. The net photosynthetic rate (Py) and
stomatal conductance (g;) of the leaves acclimated to high R:FR were greater than those of the leaves acclimated to
normal R:FR; the greater g partly explains the greater Py. The greater g of the high-R:FR-leaves probably resulted from
a higher stomatal density and/or a greater size. Py of the high R:FR leaves was still greater than that of the normal R:FR
leaves at the same intercellular CO, concentration (c;). This indicates that non-stomatal factors also increased the
photosynthetic capacity of the high R:FR leaves. The maximum Rubisco carboxylase activity estimated from a Py-c;
curve analysis was also greater in the high R:FR leaves, however, the intrinsic water-use -efficiency

(WUE; = P\/gs) of the high R:FR leaves was lower than that of the normal R:FR leaves.

Additional key words: Cucumis sativus, intrinsic water-use efficiency, Rubisco, stomatal conductance, stomatal density.

We previously reported that Cucumis sativus leaves
acclimated to the radiation with a high red (660 + 10 nm)
to far-red (730 = 10 nm) ratio (R:FR) show a higher net
photosynthetic rate (Py) at saturating irradiance than those
acclimated to the radiation with the spectrum similar to
sun radiation (Shibuya et al. 2010, 2012). In these reports,
we concluded that the greater Py mainly results from a
greater biomass per unit leaf area. However, radiation with
a higher R:FR has been reported to enhance stomatal
density (Schoch et al. 1984, Boccalandro et al. 2009,
Casson et al. 2009); thus, it is also possible that an
increased stomatal conductance (g;) contributed to the
greater Py via an increase in the intercellular CO,
concentration (c;). Therefore, the aim of this study was to
distinguish stomatal and non-stomatal contributions to the
increased Py. In addition, we focused on water-use
efficiency in these plants.

Cucumis sativus L. cv. Hokushin seedlings were
acclimated from germination to radiation with high R:FR

(= 10) or normal R:FR (= 1.4) in a growth chamber. The
spectral composition of radiation was adjusted using LED
panels containing a mixture of blue, green, red, and far-red
LED elements (CCS Inc., Kyoto, Japan). The spectrum of
each radiation (Fig. 1) was measured using a BLK-CXR-SR
spectrometer (StellarNet, Tampa, FL, USA). The
proportion of active phytochrome to total phytochrome,
which was calculated from the spectral photon distribution
and phytochrome photochemical cross-sections (Sager
et al. 1988), was 0.846 in the high R:FR and 0.726 in the
normal R:FR. The photosynthetic photon flux density
(PPFD) was maintained at 300 pmol(photon) m™ s at the
leaf surface. The photoperiod was 16-h. The air
temperature and the relative humidity were maintained at
28 °C and 50 %, respectively. When the first true leaves
had expanded and the second leaves had begun to emerge
(13 d and 12 d after seeding under the high and normal
R:FR, respectively), we measured Py and g; of the first
true leaves with a photosynthesis system LI-6400
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Abbreviations: c; - intercellular CO, concentration; g - stomatal conductance; LMA - dry leaf mass per unit area; Py - net
photosynthetic rate; PPFD - photosynthetic photon flux density; R:FR - red:far-red ratio; V. - maximum Rubisco carboxylase
activity; WUE; - intrinsic water-use efficiency.
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(LI-COR, Lincoln, NE, USA) at ambient CO,
concentrations of 75, 100, 200, 300, or 400 pmol mol ™ and
PPFD of 2000 pmol(photon) m” s provided by red and
blue LEDs at a ratio of 9:1. We calculated c; according to
the method of von Caemmerer and Farquhar (1981). The
maximum Rubisco carboxylase activity (Vemax) Wwas
estimated from Py-c; curves using a curve fitting model
developed by Sharkey et al. (2007). The intrinsic
water-use efficiency (WUE;) was calculated as Pn/gs. The
area and dry mass of the first true leaves from five plants in
each treatment group were measured and used to calculate
the dry leaf mass per area (LMA). We observed the adaxial
and abaxial surfaces of five leaves using a digital
microscope VHX-1000 (Keyence Corporation, Osaka,
Japan) at a 500x magnification and counted the numbers
of stomata and epidermal cells in the field of view of two
randomly selected parts of each leaf, then calculated the

EFFECT OF RED:FAR RED RATIO ON PHOTOSYNTHESIS

average for these fields of view. The stomata length was
measured using an image processing software (VHX-HIMI;
Keyence Corp.). The stomatal density was calculated by
dividing the number of stomata by the area. We defined the
stomatal index as the ratio of the number of stomata in a
given area divided by the total number of stomata plus
other epidermal cells (Casson et al. 2009). Significances
of differences between treatment were tested using the
Student’s #-test.

Py and g of the high R:FR leaves were 1.19 and 1.51
times higher, respectively, than those of normal R:FR
leaves (Table 1). The greater g of the high R:FR leaves
contributed to their greater Py via an increase in c;
(Table 1). The adaxial stomatal density of the high R:FR
leaves was 1.30 times higher than that of normal R:FR
leaves (Table 2). The stomata lengths of the high R:FR
leaves were 1.13 and 1.18 times higher than those
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Fig. 1. Spectra of a LED panel with a high red:far-red (R:FR) ratio (= 10; 4) or a normal R:FR ratio (= 1.4; B). R:FR was estimated by
dividing the cumulative photon flux of R radiation (660 £ 10 nm) by that of FR radiation (730 + 10 nm).

Table 1. Net photosynthetic rate (Py) [pmol(CO,) m™? s'], stomatal conductance (g) [mmol(H,O) m? s'], intercellular CO,
concentration (¢;) [umol mol™], maximum Rubisco carboxylase activity (Vems) [wmol m? s, intrinsic water-use efficiency
(WUE,;, = P\/gs) [umol(CO,) mol'(H,0)], and leaf mass per unit area (LMA) [g(d.m.) m?] in Cucumis sativus first-true-leaves
acclimated to irradiances with a hi%h red:far-red (R:FR) ratio (= 10) or a normal R:FR ratio (= 1.4). Photosynthesis was measured at
PPFD of 2 000 pmol(photon) m? s, an ambient CO, concentration of 400 pmol mol™, a leaf temperature of 28 °C, and a 50 % relative
humidity of air. Data are means + SE, n = 10 (photosynthetic parameters) or 5 (LMA), ** - significant differences between the
treatments at P < 0.01 according to the Student’s ¢-test. The value determined by dividing the average Py by the average g, is not
identical to the WUE; value because of different averaging procedures.

Treatment Py g c; V emax WUE; LMA
R:FR=10 28.1+£0.7 587 +£59 296 +4.3 150+ 6 50.1£2.8 27.6 0.2
R:FR=14 23.6 £ 0.4%* 389 + 22%* 276 + 4.3%* 124 + 9** 62.1 £2.7*%* 22.5 £ 1.2%*

Table 2. Stomatal density [stomata mm?], stomatal index [relative], ratio of abaxial to adaxial stomata [relative], and stomata length
[um] in Cucumis sativus first-true-leaves acclimated to irradiances with a high red:far-red (R:FR) ratio (= 10) or a normal R:FR ratio
(= 1.4). Data are means + SE, n =5, * and ** - significant differences between the treatments at P < 0.05 and P < 0.01, respectively,
according to the Student’s ¢-test.

Treatment Stomatal density Stomatal index Abaxial/adaxial ~ Stomata length

adaxial abaxial adaxial abaxial ratio adaxial abaxial
R:FR =10 634 £49 714 £ 62 0.189+£0.011 0.297 £ 0.006 1.13£0.03 18.0+£0.21 18.3+0.83
RIFR=14 486 £21*  645+43 0.157 £0.006%  0.246 £ 0.009** 1.33 £ 0.04** 15.9+£0.39** 15.5£0.19*%
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of normal R:FR leaves for adaxial and abaxial stomata,
respectively (Table 2). Thus, the greater g, of the high
R:FR leaves probably resulted from the higher stomatal
density and/or the greater size. The adaxial and abaxial
stomatal indices of the high R:FR leaves were also greater
than those of normal R:FR leaves (Table 2). This indicates
that the higher R:FR ratio accelerated stomatal
development. The increase in stomatal density on the
adaxial surface caused a lower ratio of abaxial to adaxial
stomata in the high R:FR leaves. These results mostly
agree with previous reports in which an increased
proportion of active phytochrome enhances stomatal
development (Schoch et al. 1984, Boccalandro et al. 2009,
Casson et al. 2009), but with a stronger response on the
adaxial surface than on the abaxial surface (Boccalandro
et al. 2009). In general, sun leaves have a higher stomatal
density than shade leaves and the increased density of
stomata may favor their increased CO,-uptake particularly
at a high irradiance (Lichtenthaler et al. 1981). The
stomatal development in the high R:FR-leaves may be
enhanced as result of response similar to acclimation to a
high irradiance.

In the Py-c; curves for each treatment group, Py of the
high R:FR leaves was greater than that of the normal
R:FR-leaves at the same c; (Fig. 2). This indicates that
non-stomatal factors also contributed to the greater Py of
the high R:FR leaves. LMA of the high R:FR leaves was
1.23 times that of the normal R:FR leaves (Table 2). The
greater LMA was probably also responsible for the greater
Py, because there is a tight relationship between
photosynthetic capacity and LMA (Poorter et al. 2009).
Vemax Of the high R:FR-leaves was 1.21 times higher than
that of the normal R:FR-leaves. Thus, the non-stomatal
photosynthetic advantage was partly due to a greater

References

Boccalandro, H.E., Rugnone, M.L., Moreno, J.E., Ploschuk,
E.L., Serna, L., Yanovsky, M.J., Casal, J.J.: Phytochrome B
enhances photosynthesis at the expense of water-use
-efficiency in Arabidopsis. - Plant Physiol. 150: 1083-1092,
2009.

Casson, S.A., Franklin, K.A., Gray, J.E., Grierson, C.S.,
Whitelam, G.C., Hetherington, A.M.: Phytochrome B and
PIF4 regulate stomatal development in response to light
quantity. - Curr. Biol. 19: 229-234, 2009.

Lichtenthaler, H.K., Buschmann, C., Doll, M., Fietz, H.J., Bach,
T., Kozel, U., Meier, D., Rahmsdorf, U.: Photosynthetic
activity, chloroplast ultrastructure, and leaf characteristics of
high-light and low-light plants and of sun and shade leaves. -
Photosynth. Res. 2: 115-141, 1981.

Poorter, H., Niinemets, U., Poorter, L., Wright, L.J., Villar, R.:
Causes and consequences of variation in leaf mass per area
(LMA): a meta-analysis. - New Phytol 182: 565-588, 2009.

Sager, J.C., Smith, W.O., Edwards, J.L., Cyr, K.L.: The use of
spectral data to determine photosynthetic efficiency and
phytochrome photoequilibria. - Trans. amer. Soc. Agr. Eng.
31:1882-1889, 1988.

200

amount and/or activity of Rubisco. WUE; of the high R:FR
leaves was lower than that of the normal R:FR leaves
(Table 1), although Py of the high R:FR leaves increased.
This is due to 1.51 times higher g; of the high R:FR leaves
than of the normal R:FR leaves, which is a greater number
than the ratio for Py (1.19). In transgenic Arabidopsis
thaliana with an impaired response to R:FR, Boccalandro
et al. (2009) demonstrated that active phytochrome
enhances photosynthesis at the expense of water-use
efficiency. By using an artificial radiation that has
modified the proportion of active phytochrome in
C. sativus, we confirmed this previous finding.
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Fig. 2. Relationships between the intercellular CO, concentration
(c;) and the net photosynthetic rate rate (Py) in Cucumis sativus
first-true-leaves acclimated to irradiances with a high red:far-red
(R:FR) ratio (= 10, the circles) or a normal R:FR (= 1.4, the
squares) at PPFD of 2000 pmol(photon) m? s™'. Ambient CO,
concentrations were maintained at 75, 100, 200, 300, and
400 pmol mol™. Data are means + SE of 10 replicate plants.

Schoch, P.G., Jacques, R., Lecharny, A., Sibi, M.: Dependence
of the stomatal index on environmental factors during
stomatal differentiation in leaves of Vigna sinensis L. 1L
Effect of different light quality. - J. exp. Bot. 35: 1405-1409,
1984.

Sharkey, T.D., Bernacchi, C.J., Farquhar, G.D., Singsaas, E.L.:
Fitting photosynthetic carbon dioxide response curves for C3
leaves. - Plant Cell Environ. 30: 1035-1040, 2007.

Shibuya, T., Endo, R., Hayashi, N., Kitamura, Y., Kitaya, Y.:
Potential photosynthetic advantages of cucumber (Cucumis
sativus L.) seedlings grown under fluorescent lamps with
high red:far-red light. - HortScience 45: 553-558, 2010.

Shibuya, T., Endo, R., Hayashi, N., Kitaya, Y.: High-light-like
photosynthetic responses of Cucumis sativus leaves
acclimated to fluorescent illumination with a high red:far-red
ratio: interaction between light quality and quantity. -
Photosynthetica 50: 623-629, 2012.

Von Caemmerer, S., Farquhar, G.D.: Some relationships between
the biochemistry of photosynthesis and the gas exchange of
leaves. - Planta 153: 376-387, 1981.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice




